Appendix 10
Reliability Modeling

Reliability analysis is that part of the risk study that leads to an evaluation of the conditional
probability of failure (i.e., reliability or fragility) of structures, systems, and components when
they are exposed to the loads of a hurricane.

The reliability analysis had three steps: (1) define and characterize the structures,
components, and features constituting the hurricane protection system (HPS) for each drainage
basin; (2) define failure and identify failure modes and limit states for each structure, system,
component, and feature; and (3) assign conditional probabilities to HPS failure states for given
water elevations and wave heights caused by hurricane conditions.

Two conditions were analyzed for the reliability of levees, flood walls, and pumping stations:
pre-Katrina and post-reconstruction and repair as existing in June 2007. The appendices contain
an inventory of the structures, systems, and components in each drainage basin that were
considered in the reliability analysis.

The reliability of the hurricane protection system under potential water elevations due to
surge and waves was quantified using structural and geotechnical reliability models integrated
within a larger systems description of each drainage basin. The reliability models for the HPS
components were developed based on design and construction information as reported in the
General Design Memoranda (GDM) for the specific projects, and on the results of the
Performance Team and the Pump Stations Team on-site surveys of existing conditions.
Reliability models were developed and evaluated to determine most likely failure modes for each
reach in each drainage basin.

The reliability models included uncertainties in structural material properties, geotechnical
engineering properties, subsurface geological profiles, and engineering performance models of
levees, floodwalls, and features. Uncertainties due to spatial and temporal variation, and those
due to limited knowledge were tracked separately in the analysis, providing a best estimate of the
frequency of failure under given hurricane loads, along with a measure of the uncertainty in that
frequency.
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Failure and Failure Modes

The HPS for each drainage basin has four components: (1) levees, (2) I-walls (which may be
atop levees) and T-walls (which may be atop levees), (3) transitions and closures, and
(4) pumping and drainage systems (Table 1). The reliability analysis examined the performance
of the each of component, separately and in combination.

Failures that lead to breach of the drainage basin perimeters were associated with four
principal failure modes: (1) levee or levee foundation failure, (2) floodwall or floodwall
foundation failure, (3) levee or floodwall erosion caused by overtopping and wave run-up, and
(4) failure modes associated with point features such as transitions, junctions, and closures. The
Performance Team found no failures in the HPS which originated in structural failure of the
[-wall or T-wall components. All documented failures at I-wall and T-wall locations were
geotechnical in nature, with structural damage resulting from the geotechnical failures.

Table 1. Components in the Hurricane Protection System

1| Levees Embankment section (Reaches were defined on the basis of physical discontinuities -
geometric, physical, soils, and construction characteristics)
Foundation

2 | Floodwalls Wall structure

Joints within a wall section

Transitions (joints and interfaces to other components)
Wall-embankment interface

Wall foundation

3 | Closures Closure support structure
Closure structures - logs, gate, or other
Position — open or closed

4| Pump Pump and motors

Systems Power — grid availability

Emergency power (diesel generator)
Diesel fuel availability

Pump house structure

Operators — present or evacuated
Intakes — open or closed

Each section within the drainage basin perimeter was analyzed and tracked separately, so that
the number of failed sections and their location around the drainage basin perimeter was known
for each repetition of the HPS risk model.

The pumping system may have had a mitigating effect on the water elevation of each
drainage basin. If the capacity of the pumping system was exceeded by the inflow volume from a
single breach then the number and location of the breaches may not matter and the pumping
system can be ignored in the risk analysis. If, however, the inflow volume is within the capacity
of the pumping system to remove, then the probability that the pumps are operating must also be
calculated. Technical input from other Teams informed the present effort to determine the level
of detail with which failure states need to be represented.
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The following structures in the HPS were not independently evaluated for their failure
modes: (1) concrete aprons associated with some I-walls, and (2) sheetpiles with a short (3 to
4 ft.) concrete cap. Either could be addressed with failure modes developed for I-walls, but were
not included in the present study.

The following failure modes or contributing factors were not considered in the reliability
analysis:

(1)  Internal erosion (piping) of levees due to seepage; note, this is in contrast to high pore
pressures in sand strata, which was considered, as in the vicinity of the London Avenue Canal or
the northern end of the IHNC. Internal erosion may be reconsidered in later studies.

(2)  The effects of maintenance on the HPS capacity over time. Improper maintenance or
neglect can lead to reduced capacity of the levees in particular; gates and other moving
components also require maintenance. Trees, landscaping, and pools were observed on protected
embankments after Hurricane Katrina, indicating a lack of code enforcement and maintenance of
the levees. However, there was insufficient information to include maintenance considerations.

(3) Impact by a barge, floating debris, or other large object on the floodwalls or levees.

(4)  Failure of 3-bulb water stops between [-wall sections.

Component Performance

For each component, a performance level was defined such that its occurrence corresponded
to a failure to perform an intended function. The critical components within the HPS, as stated
above, are the levees, [-walls, T-walls, and transitions and closures. These components can fail
in a variety of modes. For each mode of failure a limit state was defined, which, if it were to
occur would result in a failure to keep water out of the drainage basin.

Engineering models of the mechanics of component performance are limited in their ability
to explicitly model a failure state. As a result, an analysis is usually carried out for incipient
failure by examining the limits of stability. If this state is equaled or exceeded, the structure or
component is expected to fail to perform as intended. Incipient failure models were usually
similar to design calculations, and in many cases were adapted from the GDM’s.

For the purpose of evaluating the performance of the levees and floodwalls, failure was
defined as complete breaching, which allowed water to enter the drainage basin. This failure
occurred in two ways: (1) loss of levee or wall stability when the strength of the levee or wall
and its foundation was insufficient to withstand the forces placed upon the structure for a given
water elevation below the top of the wall or levee (no overtopping); or (2) overtopping caused
the protected side of the levee or wall to erode substantially and result in a wall or levee breach,
which allowed water to flow freely into the drainage basin.
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System Failure

Depending on the performance of individual components in the HPS, various outcomes may
result. For purpose of evaluating the performance of the HPS, the outcome of most interest is
whether a protected area was flooded or not.

The HPS was assumed to fail if flooding occurred in a protected area, beyond that expected
from rainfall and runoff which can be handled by pumping. Given this definition, a failure of the
HPS occurred even if the components making up the system did not fail, for example, if levees
or walls were overtopped but not breached.

Flooding can occur as a result of chains of events occurring individually or in combination.
Among these are:

(1)  Levee or floodwall breaching.

(2)  Inflow into an area due to levee or flood wall overtopping that does not result in
breeching, and which exceeds the capacity of the pumping system.

(3) Inflow to an area that occurs as a result of rainfall.

(4) Inflow to an area that occurs when the capacity of the pump system is exceeded as a
result of backflow through pump houses.

Flooding that occurs as a result of rainfall or transient overtopping in most cases will not be
as consequential and may be mitigated by the pumping system.

HPS systems definition

The HPS comprises levees, flood walls, levees with floodwalls on top, and various points of
transition or localized features such as pumping stations, drainage works, pipes penetrating the
barrier, and gates. Each drainage basin perimeter was divided into reaches, which were deemed
to be homogeneous in four respects: (1) structural cross-section, (2) elevations in the cross
section, (3) geotechnical cross-section, and (4) hurricane surge. In total, 135 such reaches, 197
point features and gates, and 178 section transitions were identified across all of the drainage
basins for the pre-Katrina conditions; and 138 such reaches with the above numbers of features
and transitions were identified across all of the drainage basins for the current (June 2007)
conditions.

Geometric and engineering material properties were identified for each reach and
summarized in systems definition tables (Table 2). Structural cross-sections were initially
identified by review of as-built drawings, aerial photographs, and GIS overlays; and were
subsequently confirmed in on-site reconnaissance. Elevations were assessed in the same
reconnaissance, supplemented by LIDAR and field surveys provided to the Risk Team.
Geotechnical cross-sections and corresponding soil engineering properties were derived from
original USACE General Design Memoranda (GDM) for the respective project areas of each
drainage basin, supplemented by site characterization data collected post-Katrina at levee and
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flood wall failure sites (cone penetrometer and laboratory measurements on undisturbed
samples). GDM’s are available in PDF format at the IPET Project web site.

Engineering performance models and calculations were adapted from the GDM’s.
Engineering parameter and model uncertainties were propagated through those calculations to
obtain approximate fragility curves as a function of water height for components of the HPS.
These results were calibrated against the analyses of the Performance Team, which applied more
sophisticated analysis techniques to similar structural and geotechnical profiles in the vicinity of
failures. Failure modes identified by the Performance Team were incorporated into the reliability
analyses as those results became available.

Reaches

The HPS was divided into reaches. A reach is defined for the purpose of the reliability
analysis as,

Reach. A continuous length of levee or wall exhibiting homogeneity of
construction, geotechnical conditions, hydrologic and hydraulic loading
conditions, consequences of failure, and possibly other features relevant to
performance and risk.

Thus, reaches are homogeneous lengths of levee or wall that differ from neighboring reaches
in at least one of the above properties, and which are considered internally homogeneous for the
purposes of reliability modeling and risk analysis.

All two-dimensional sections within a reach are considered to be the same with respect to
those properties relevant to risk and reliability; thus, the fragility of the levee (i.e., probability of
failure as a function of load) is modeled as the same everywhere within an individual reach.

Reach information was summarized in a systems definition file, which is a flat-file data base
summarizing physical characteristics of each reach. An example for the first 33 defined reaches
is shown as Table 2.

Fragility curves

Reliability assessments were performed for individual parts of the HPS for given water
elevations. This resulted in fragility curves by mode of failure. A fragility curve gives the
probability of failure, conditional upon an event (water elevation in this study), at which a
limiting failure state is exceeded (Table 2).
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Figure 1. The actual but unknown fragility curve for a section is a step function at the loading conditions
that causes failure; this is approximated by an “S-shaped” probability curve reflecting what is
known about the levee and loads.

In actuality, the fragility at a particular cross section within a reach is a step function at that
deterministic loading condition that initiates failure (Figure 1). Presumably, there is such a
failure loading condition, which if it occurs will cause failure; however, that loading condition
varies along the length of the reach and is not precisely known before a failure occurs. The S-
shaped fragility curve reflects uncertainty about the unique loading condition that causes failure
at a particular location.

The S-shaped fragility curve reflects uncertainty about the unique loading condition that
causes failure at a particular location. Part of the uncertainty in the S-shaped fragility curve has
to with systematic uncertainties, such as the average soil strength or average permeability along
the reach, or the simplifications introduced in the performance models that apply everywhere;
but another part has to do with spatial variability within the reach.

This separation of uncertainty in how fragility curves are modeled within a single reach
introduced a length effect caused by the way we model uncertainty. The systematic uncertainties,
which cause a bias in the modeling, affect every section within the reach in the same way: if the
mean soil permeability is underestimated at one spot it is similarly underestimated everywhere.
The spatial variability, on the other hand, does not affect every section in the same way: some
spots are weaker and some stronger. Therefore, the longer the reach, the higher the probability of
encountering a particularly weak variation. Note, this length effect is due to incomplete
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knowledge: collect enough information and it goes away, but there is seldom that much
information.

Systems definition in the risk model

Reliability assessments for each reach and component of the drainage basin perimeter were
combined in the HPS risk model. The risk model (Appendix 9) used water elevations from the
hurricane hazard and HPS fragilities to calculate the probability of various volumes of water
passing the HPS, and subsequently the depth of flooding within each drainage basin.

The system risk model is structured around an event-tree description of the occurrence of
hurricane events, corresponding water and wave heights, and the resulting response of the HPS.
The risk model separately tracks natural variations and knowledge uncertainties from both the
hurricane hazard and the structural and geotechnical response to give a best estimate of
frequency and depth of flooding, along with measures of uncertainty in those frequencies.
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Table 2. Reach systems definition table (partial section, schematic only); showing geometric, material, and design
properties to the left; and fragility estimates to the right as a function of still-water level with respect to design elevations.

PF Fragility Curve (Breach/No PF Fragility Curve
Overtopping) (Breach/Overtopping)
) Fragility Design

Weighted | Water Elev.

Elevation | Elevation Founc_lation (L) 6 ft

(ft) (1) (f) (2) Material Subpolder | grosion | Minimum | from Top of 1/2 ft 11t 2 ft 3ft

Length | (NAVD88 | (NAVD88 | Reach | Type (H, C, | Polder Reference | yodifier | Elevation | TOW | Levee/Top | Over- |Over- |Over- | Over-
Reach | (ft) 2004.65) | 2004.65) | Type |S) Reference | (3) for WIL | for Pf=0 | (W) of Wall topping | topping | topping | topping
1 2,290 |11.5 9.52 W H 2 NOE5 1 0.0000 0.0023 | 0.0034 0.0000 |0.0569 |0.7464 |0.8787
2 97 13.3 10.27 L H 2 NOE5 1 0.0000 0.0000 | 0.0000 0.0002 |0.0134 |0.0565 |0.0658
3 2,325 135 11.50 W H 2 NOE5 1 0.0000 0.0023 | 0.0035 0.0000 |0.0094 |0.5269 |0.8825
4 2,330 |[13.3 10.25 L H 2 NOE5 1 0.0000 0.0002 | 0.0003 0.0047 |0.2760 |0.7524 |0.8049
5 2,270 |13.7 11.72 W H 2 NOE5 1 0.0000 0.0023 | 0.0034 0.0000 |0.0184 |0.6484 |0.8764
6 19,112 [12.9 9.93 L H 2 NOE5 1 0.0000 0.0019 | 0.0029 0.0377 |0.9293 | 1.0000 | 1.0000
7 1,474 121 10.12 W H 2 NOE5 1 0.0000 0.0015 | 0.0022 0.0000 |0.0370 |0.5865 |0.7427
8 2,724 126 9.64 L H 2 NOE5 1 0.0000 0.0003 | 0.0004 0.0055 |0.3145 |0.8045 |0.8520
9 33032 | 18.6 15.64 L H 2 NOE5 1 0.0000 0.0033 | 0.0049 0.0642 |0.9897 | 1.0000 | 1.0000
10 133 18.6 15.64 L H 2 NOE1 1 0.0000 0.0000 | 0.0000 0.0003 |0.0183 |0.0766 |0.0891
11 27,665 | 15.1 12.13 L H 2 NOE1 1 0.0000 0.0028 | 0.0041 0.0541 |0.9784 |1.0000 | 1.0000
12 8,942 |16.7 13.72 L H 2 NOE1 1.05 0.0000 0.0009 |0.0013 0.0187 |0.7359 | 1.0000 | 1.0000
13 7,190 |17.7 14.65 L H 2 NOE1 1.1 0.0000 0.0007 | 0.0011 0.0158 |0.6828 | 1.0000 | 1.0000
14 22,257 [ 15.5 12.50 L H 2 NOE1 1.1 0.0000 0.0022 | 0.0033 0.0480 |0.9714 |1.0000 | 1.0000
15 111 17.5 15.50 W H 2 NOE1 1.05 0.0000 0.0001 | 0.0002 0.0000 |0.0010 |0.0624 | 1.0000
16 382 20.7 18.70 W H 2 NOE2 1.05 0.0000 0.0004 | 0.0006 0.0000 |0.0033 |0.1988 | 1.0000
17 10,210 | 16.8 13.80 L H 2 NOE2 1.1 0.0000 0.0010 | 0.0015 0.0223 |0.8042 | 1.0000 | 1.0000
18 10,757 [17.9 14.92 L H 2 NOE2 1.1 0.0000 0.0011 | 0.0016 0.0000 |0.0923 |1.0000 | 1.0000
19 9,318 |20.8 18.75 W H 2 NOE3 1.05 0.0000 0.0093 |0.0139 0.0000 |0.2220 | 1.0000 | 1.0000
20 7,905 |17.2 14.19 L H 2 NOE3 1.1 0.0000 0.0008 |0.0012 0.0173 |0.7170 | 1.0000 | 1.0000
21 539 16.7 14.72 W H 2 NOE3 1.05 0.0000 0.0005 | 0.0008 0.0000 |0.0144 |0.4758 | 1.0000
22 5616 16.7 14.72 W H 2 NOE4 1.05 0.0000 0.0056 | 0.0084 0.0000 |0.1404 |0.9988 | 1.0000
23 15,940 | 14.0 11.02 L H 2 NOE4 1.1 0.0000 0.0016 | 0.0024 0.0346 |0.9216 | 1.0000 | 1.0000
24 1,820 [12.1 10.14 W H 2 NOE4 1.05 0.0000 0.0018 | 0.0027 0.0000 |0.0077 |0.4868 | 1.0000
25 3,453 | 134 10.35 L H 2 NOE4 1.1 0.0000 0.0003 | 0.0005 0.0076 |0.4239 |1.0000 | 1.0000
26 1,587 |[14.5 12.50 W H 2 NOE4 1.05 0.0000 0.0016 | 0.0024 0.0000 |0.0067 |0.4410 | 1.0000
27 2,348 |13.8 10.77 L H 2 NOE4 1.1 0.0000 0.0002 | 0.0004 0.0052 |0.3127 |1.0000 | 1.0000
28 3,803 |12.2 9.22 L H 2 NOE4 1.05 0.0000 0.0004 | 0.0006 0.0080 |0.4323 |0.9895 | 1.0000
29 537 12.4 6.37 W H 2 NOE4 1.05 0.0000 0.0550 |0.1129 0.0000 |0.0023 |0.1787 | 1.0000
30 526 12.6 9.60 L H 2 NOE5 1.05 0.0000 0.0001 | 0.0001 0.0011 |0.0753 |0.4676 | 1.0000
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Uncertainties

The Corps of Engineers Technical Letter ETL 1110-2-556, “Risk-Based Analysis in
Geotechnical Engineering for Support of Planning Studies,” (USACE 1999), and the detailed of
epistemic uncertainties in Appendix 11 of this report, suggest that the principal sources of
uncertainty in predictions of levee performance requiring evaluation are:

a. Uncertainty in loadings. Loadings such as floods, earthquakes, and impacts are random
events for which magnitude and time of occurrence may be modeled by probabilistic methods.
This often involves the use of binomial or Poisson distributions fit to observed event data.

b. Uncertainty in parameter values. Geotechnical parameters such as soil strength and
permeability have several components of uncertainty. The value of a parameter at any point and
the average value over any distance are inherently uncertain because of soil’s natural spatial
variability. Secondly, there is uncertainty due to testing errors and uncertainty in estimating the
mean and variance of the properties due to the finite number of tests performed. The normal and
lognormal distributions are often used to model parameter values, which may be the value at a
point or the spatially averaged value calculated over some distance or area.

c¢. Uncertainty in analytical models. Analytical models such as slope stability analysis
methods, seepage equations, etc., have an inherent model uncertainty arising from the fact that
they are mathematical simplifications of more complex problems, and unsatisfactory
performance such as slope instability or piping may occur in the prototype at factors of safety
above or below the limit state FS = 1.0 corresponding to these conditions in the model. Model
uncertainty has not been systematically considered in most Corps studies to date. Where
probabilistic methods are used to make economic comparisons of alternatives, probability values
calculated using consistent models should provide a consistent basis for comparison even though
model uncertainty is not included.

d. Uncertainty in performance. As parameter values and analytical models both have
inherent uncertainty, the performance of a structure with respect to some quantifiable
performance mode (slope stability, seepage, settlement, etc.) is likewise uncertain. The
probability of satisfactory or unsatisfactory performance for modes with well-defined models
and parameters is often calculated using first-order, second-moment (FOSM) methods, such as
the Taylor’s series method, which yield a reliability index or probability of unsatisfactory
performance Pr(U). This approach quantifies uncertainty in performance as a function of
uncertainty in parameter values and the analytical model.

e. Performance modes without defined limit states. In some cases, engineering models
may not be formulated to include limit states (e.g., FS = 1) and hence may not be easily
reformulated to provide a reliability index or probability of unsatisfactory performance. Instead,
satisfactory performance is expected to be attained by the adoption of experienced-based
practices. An example is the design of filter materials, where equations can be used to design
filters expected to perform adequately and prevent internal erosion, but there is no measure such
as the factor of safety on which to base a mathematical procedure for comparing the relative
reliability of filters. These situations are not directly compatible with FOSM methods. To obtain
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required probability values for these modes, one must either use frequency models based on
observed events or judgmental values based on expert elicitation.

/- Frequency and magnitude of physical changes or failure events. Physical conditions
may change at some uncertain time within the lifetime modeled in a simulation. These may
directly lead to unsatisfactory performance or may require changing the values of parameters in
an analytical model. Examples include scour of foundations, plugging of well screens by
incrustation, failure of well screens by corrosion, development of seepage windows in sheet
piling, and dislodging of fill material in rock joints. The occurrence of such events cannot be
easily predicted by a model based on physical parameters. The occurrence may be modeled using
a frequency-based approach such as those based on the exponential and Weibull distributions
where sufficient data exist.

g. Condition of unseen features. The condition of unseen features is inherently uncertain.
Examples include the effects of unknown cracks, burrows, or other defects in levees, and the
adequacy of grout cutoffs under dams. A similar uncertain, but non-calculable, situation would
be determining the probability of locating and plugging the source of a piping channel in a
foundation before destructive erosion occurs. Such situations may contribute considerable
uncertainty regarding performance but often can only be accounted for in a risk assessment or
reliability analysis by quantifying the experience and judgment of experts rather than estimating
uncertainty in parameters or fitting distributions to historical data.

ETL 1110-2-556 and Appendix 11 go on to observe that geotechnical problems have a
number of unique aspects that also require consideration in reliability analyses:

a. In geotechnical engineering, coefficients of variation are related to the variability of
natural materials, which may need to be assessed on a site-specific basis.

b. Geotechnical parameters may have relatively high coefficients of variation (the value for
the coefficient of permeability may exceed 100 percent) and may be correlated.

c. Soil strength parameters can be defined and analyses performed in either a total stress
context or an effective stress context. In the former, the uncertainty in strength and pore pressure
are lumped; in the latter, they are treated separately.

d. Soils are continuous media where properties vary from point to point, requiring
consideration of spatial correlation. For problems such as slope stability, the location of the
critical free body must be searched out. Furthermore, its location varies with parameter values,
and varying parameter values (in an FOSM or Monte Carlo analysis) results in different free-
body locations for each set of parameter values.

e. Although one slip surface may be “critical,” a slope can fail on any of an infinite number
of slip surfaces; hence a slope is a system of possible failure surfaces which are correlated to
some extent.

1 Some earth structures such as levees may be exceedingly long, such as levees which may
be tens of miles long. These can be treated as a number of equivalent independent structures;
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however, determining the appropriate length and number is problematical, and the reliability of
the system may be sensitive to the assumptions made.

The reliability analysis undertaken as part of IPET attempts to incorporate all of these
uncertainties and considerations.

Aleatory vs. epistemic uncertainty

In modern practice, engineering risk analysis usually incorporates uncertainties of two
distinct types: aleatory and epistemic.

a. Aleatory uncertainty is attributed to inherent randomness, natural variation, or chance
outcomes in the physical world; in principle, this uncertainty is irreducible because it is assumed
to be a property of nature. Aleatory uncertainty is sometimes called random or stochastic
variability.

b. Epistemic uncertainty is attributed to lack of knowledge about events and processes; in
principle, this uncertainty is reducible because it is a function of information. Epistemic
uncertainty is sometimes called, subjective or internal uncertainty, and divides into two major
sub-categories: model uncertainty and parameter uncertainty.

An example of the interplay of aleatory and epistemic uncertainties in practice is the flood
frequency curve (USACE 1998). The flood frequency curve describes natural variability or
aleatory uncertainty of flood flows, while error bands about the curve describe epistemic
uncertainty in the parameters of the flood frequency model. The frequency curve reflects the
irresolvable variation of nature. The error bands reflect limited knowledge about the statistically
estimated parameters of the frequency curve. Collecting more data would improve our estimates
of the parameters, and thus reduce the error bands about the frequency curve, but no amount of
data can reduce the underlying probability distribution represented by the exceedance curve.

Separating uncertainty into aleatory and epistemic parts is a modeling decision. Consider
drawing a flexible curve through a set of data. A high-order curve may fit the data closely, but
the uncertainty in the parameters of the curve will be large because there are many parameters to
be estimated. In contrast, a straight line may not fit the data as closely, but the uncertainty in the
slope and intercept of the line will be small. The data scatter about the curve is aleatory; the
uncertainty in the parameters of the curve is epistemic.

This modeling decision on whether and how to separate aleatory and epistemic uncertainty
has important implications in a levee safety analysis. A schematic example is given in Figure 2,
in which the variability of some engineering property is shown as a function of location. This
spatial variability of the property is divided into sections thought to be homogeneous, and
averages (means) are estimated for each. When the variability is modeled this way, the variations
about the respective means are assumed to be aleatory uncertainties, while that in the estimates
of the means are assumed to be epistemic uncertainties. Additional information can reduce the
error in the estimates of the means, but it will only better characterize the variance about the
means within each zone and not reduce that variance itself. This standard model of spatial
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variation has many implications, which are discussed in greater detail in Hartford and Baecher
(2004).
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Figure 2. Schematic diagram showing the variability of some engineering property in space (e.g., solil
strength, surge elevation, etc.). The spatial variability is divided into sections assessed to be
homogeneous, and means are estimated for each.

Aleatory and epistemic uncertainty affect the outcomes of a reliability analysis in different
ways. Aleatory uncertainty manifests as variations, or frequencies of occurrence, over space or
time. Epistemic uncertainties manifest as statistical error and systematic biases in probability
estimates, and may introduce correlations among aleatory frequencies.

Allowance for sea-level rise and subsidence

In follow-on risk and reliability studies, for example those addressing the 100-year system,
an allowance is made for a potential of two (2) feet of combined sea-level rise and subsidence. In
the IPET risk and reliability studies of the pre-Katrina conditions and “current” conditions as of
June 2006, no allowance is made for future sea-level risk and subsidence.

Engineering uncertainties

Four categories of engineering uncertainty were included in the reliability analysis:

a. Geological and geotechnical uncertainties, involving the spatial distribution of soils and
soil properties within and beneath the HPS.

b. Structural uncertainties, involving the performance of man-made systems such as levees,
floodwalls, and point features such as drainage pipes; and the engineering modeling of that
performance, including geotechnical performance modeling.

c. Erosion uncertainties, involving the performance of levees and fills around floodwalls
during overtopping, and at points of transition between levees and floodwall, in some cases
leading to loss of grade or loss of structural support, and consequently to breaching.

d. Mechanical equipment uncertainties, including gates, pumps, and other operating
systems, and human operator factors affecting the performance of mechanical equipment.
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The reliability analysis takes water elevations and wave characteristics from the hurricane
loading conditions as given, and calculates conditional probabilities of failure for specifically
stated water elevations. Thus, hurricane effects, wind loads, water heights, and other factors of
the loading conditions are not considered to be uncertainties in the reliability modeling.
Uncertainties in water elevations from hurricane conditions are convoluted with the results of the
reliability analysis in the systems risk model to generate marginal (i.e., unconditional)
probabilities.

Geological profile and soil conditions

The engineering geology of the New Orleans area is discussed in IPET Volume V, “The
Performance of Levees and Floodwalls, Appendix 2. Description of New Orleans Area Geology,
Environments of Deposition.”

The stratigraphy of the New Orleans area is Pleistocene and Holocene in age. Observed levee
and floodwall failures during Katrina principally involved shallow Holocene aged sediments.
Generally, sediments constituting the New Orleans area are less than 7,000 years old (Holocene).
Formation of the present day New Orleans began with the rise in global sea level, beginning
about 12,000 to 15,000 years before present.

A typical profile for much of the New Orleans HPS shows a layer of fill at the top, underlain
by organic clays (‘marsh’), in turn underlain by lacustrine (distributary) plastic clays, in turn
underlain by stiffer Pleistocene clays. Figure 3 shows the profile under the New Orleans East
(NOE) Lakefront Levee, which is typical of this profile.

The spatial variability of this typical section has to do with variations in thickness of the
various strata, and inter-bedding of sand or silt lenses and other local conditions. In some places,
for example, the marsh can be thicker than average, as for example in the vicinity of the 17th
Street Canal failures.

Equally important to the performance of levees in Orleans East Bank (OEB) and NOE is the
Pine Island Beach deposit, a buried, barrier island or beach dating to ca. 5,000 years before
present (Figure 4). This feature extends northeast along the southern shore of Lake
Pontchartrain, adjacent to and north of the Metairie and Gentilly ridges, former natural levees of
the Mississippi. Sea level was 10 to 15 ft lower than the current level when the beach ridge
formed. Consequently, foundation soils beneath OEB and NOE are affected by this buried sand
which provides a high permeability channel for pore pressures. Under the London Avenue Canal
and the northern end of the IHNC, the sand rises close to the present ground surface.
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Figure 4.

Pine Island (buried) beach ridge, and locations of the canal breaches (after Saucier 1994). The
17th Street breach is located behind the axis of the beach ridge while the London Canal
breaches are located on the axis of the ridge. Bayou Metairie is identified in red and forms the
Bayou Sauvage distributary course.
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Soil engineering properties

It is important to note, that the risk team engaged in no new soil sampling, site
characterization programs, or laboratory testing. All the geotechnical information available to the
team needed to come from existing sources, the principal of which were the General Design
Memoranda and the site investigation data taken during design and construction. Data collected
post-Katrina at the site of the drainage canal failures were used to supplement the pre-Katrina
data sources.

The principal uncertainty contributing to probability of failure of the levee and I-wall
sections in the reliability analysis is soil engineering properties, specifically undrained shear
strength, Su. The uncertainties in this soil engineering properties are presumed to have two main
components: (1) data scatter caused by actual variation of soil properties in space and by random
measurement errors, and (2) systematic errors caused by limited numbers of measurements (i.e.,
statistical estimation error), and by measurement bias in the use of Q-test (UU) data (see
Figure 5).

Uncertainty model

The variance in soil properties was assumed to be a composition of four terms,
Var(Su):Var(x)+Var(e)+Var(m)+Var(b) (1)

in which Var(-) is variance, Su is the soil property as input to the analysis (in this case,
undrained strength), x is the soil property in situ, e is measurement error (noise), m is the spatial
mean of the soil property (which has some error due to the statistical fluctuations of small
sample sizes), and b is a model bias or calibration term caused by systematic errors in measuring
soil engineering properties.
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Figure 5. Sources of soil property uncertainty in geotechnical reliability model.

The NOE drainage basin is used here to describe the reliability analysis approach. Analyses
of the other drainage basins are similar. The soil profile underlying NOE consists typically of
clayey fill overlying ‘marsh’ (OH, CH), in turn overlying ‘distributary clays’ (CH), as shown in
Figure 5. Critical sections in the GDMs and failures observed during Katrina occur in these
uppermost strata. The engineering properties of deeper, stronger strata of the Pleistocene
formations were not statistically characterized.

Measured Q-test results reported in the GDMs of NOE are shown as histograms in Figure 6.
Second-moment statistical properties of these data are shown in Table 3. Test values larger than
750 PCF were assumed to be local effects and removed from the statistics to the right in the
table. These moments were used in subsequent calculations. A comparison of undrained soil
strengths across the various parishes is shown in Figure 7.

Volume VIII Engineering and Operational Risk and Reliability Analysis — Technical Appendix VIII-10-16
This report is the independent opinion of the IPET and is not necessarily the official position of the U.S. Army Corps of Engineers.



W Fill
9 I Marsh
[ Distributary Clay

0 250 500 1000 1250 1500
Undrained Shear Strength, Q-test (PCF)

. 11
0 T T T T 1 T T T
750

Figure 6. Histograms of undrained strength data (Q-tests), by soil type, NOE General Design
Memoranda: (black) Fill, (gray) Marsh, (white) Distributary Clay.
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Figure 7. Histograms of undrained strength data (Q-tests), by parish, from USACE General Design
Memoranda of various projects.

These strength data were compared to post-Katrina sampling and testing performed by
Team 7 (IPET Vol V, 2006) at the sites of failures along the drainage canals of metro-Orleans
Parish. Those results, based on cone-penetration (CPTU) and laboratory results led to the so-
called “IPET Strength Model” as a basis for the forensic analysis. Team 7’s conclusion was,

The measured shear strengths of the levee fill scatter very widely, from about 120
psf to more than 5,000 psf, and cannot be interpreted without applying judgment.
The values used are based on the combined judgment of the IPET team to make
the most reasonable interpretation of the scattered data. Placing the greatest
emphasis on data from UU tests on 5-in.-diameter samples, which appear to be
the best-quality data available, su = 900 psf is a reasonable value to represent the
levee fill. This strength can be compared to a value of 500 psf for the levee fill
used in the design analyses. The marsh (or peat) deposit is stronger beneath the
levee crest where it was consolidated under the weight of the levee, and weaker at
the toe of the levee and beyond, where it less compressed. The measured shear
strengths of the marsh scatter very widely, from about 50 psf to about 920 psf.
Values of su = 400 psf beneath the levee crest and su = 300 psf beneath the levee
toe appear to be representative of the measured values. These strengths can be
compared to a value of 280 psf at all locations that was used in the design
analyses.
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The clay (which has been found to be the most important material with respect to
stability of the I-wall and levee) is normally consolidated. Its undrained shear
strength increases with depth at a rate of 11 psf per foot of depth. This rate of
increase of strength with depth corresponds to a value of su /p’ = 0.24. There is
very little scatter in the results of the CPTU tests, and these values provide a good
basis for establishing undrained strength profiles in the clay. The undrained
strength at the top of the clay is equal to 0.24 times the effective overburden
pressure at the top of the clay. With this model, the undrained shear strength of
the clay varies with lateral position, being greatest beneath the levee crest where
the effective overburden pressure is greatest and least at the levee toe and beyond
where the pressure is lowest, and varying with depth, increasing at a rate of 11 psf
per foot at all locations.

Spatial variation

The spatial pattern of soil variability is characterized by auto-covariance functions. These
describe the covariance of soil properties as a function of separation distance. Soils whose
properties vary erratically from spot to spot display little spatial covariance, while soils whose
properties vary with more waviness display more spatial covariance.

The auto-covariance function of a soil property z is defined as, C_(9) = E[z(i),z(i + J)], in
which E[-] is expectation, z(i) is the soil property at some location i, and z(i+ ) is the property at
another location at distance ¢ from the first. The autocorrelation function is found by
normalizing the auto-covariance by the variance, R_(8) = E[z(i),z(i + 8)|Var'(z). The auto-

covariance distance is indexed as that separation distance at which R_(8) =¢™'. This is a
representative or characteristic length of the spatial correlation.

The auto-covariance function can only be estimated for distances at least as great as the
minimum spacing among observations, that is the minimum boring spacing in the present case.
The minimum boring spacings in NOE are on the order of many hundred feet, with some
spacings between adjacent borings as much as several thousand feet. To supplement the
information in the GDMs, post-Katrina borings made in the vicinity of the 17th Street and
London Avenue breaches were used to estimate auto-covariance functions, and correspondingly
the magnitude of measurement noise and the autocorrelation distance.
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Figure 8. Typical auto-covariance function for CH soils in 17th Street Canal area post-Katrina borings,
undrained strength (PCF) from Q tests at uniform depth below grade.

Statistical estimates of the auto-covariance were made using the ESRI Geostatistical
Analyst®, an application running in ArcMap®. Results for the undrained strength (Q-tests) of
London Avenue the Distributary Clay clays are shown in Figure 8. Analyses for Marsh and Fill
show similar patterns.

Table 3. Statistics of undrained strength data (Q-tests), NOE General Design
Memoranda. COV is the coefficient of variation, or standard deviation divided by the
mean.

All data Data less than 750PCF
Parameter Fill Marsh D.Clay Fill Marsh D.Clay
Mean (PCF) 452 405 238 333 392 238
Std Dev (PCF) 297 154 124 142 132 124
COV (data scatter) 0.66 0.38 0.52 0.43 0.34 0.52

Measurement noise

Soil strength is measured destructively, therefore replicate measurements cannot be used to
estimate the magnitude of random measurement error. However, the spatial covariance structure
provides an indirect way to make the estimate (DeGroot 2006). Assuming that the measurement
z of soil property x is corrupted by a zero-mean error e that is independent from one
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measurement to the another and independent of the value x, the measurement can be expressed
as z=x+e. The auto-covariance function of z is the summation of the auto-covariance functions
of x and of e: C(z)=C(x)+C(e). But, the auto-covariance function of e is a spike at the origin and
zero otherwise. Thus, the difference between the intersection of the observed auto-covariance
function of z extrapolated back to the origin, and the total variance Var(z), provides an estimate
of the variance of the error, Var(e).

The conclusions drawn from these auto-covariance analyses were: (1) the measurement noise
(or fine-scale variation) in the Q-test data is roughly 2 to 3/4 the total variance of the data
(suggesting the COVs in the top row of Table 4; (2) the representative auto-covariance distance
in the horizontal direction is on the order of 1000 feet; (3) the representative auto-covariance
distance in the vertical direction is assumed to be on the order of 1/100 of the horizontal
distance, or about 10 feet, although there are too few Q-test data in individual borings to
statistically estimate this value.

Statistical error

Statistical estimation error in the mean soil property is caused by limited numbers of data
within a reach; and is approximated from the standard error of sampling. The variance of the
error is approximated as Var(m) = Var(x)/n, in which m is the mean soil property, x is the

spatial variation component of data scatter, and » is the number of measurements (Table 4).

Table 4. Estimates of component uncertainties to soil engineering property model.

Component Fill Marsh D.Clay
Spatial COV 0.20 0.17 0.25
Number of measurements 48 21 23
Statistical error in mean 0.06 0.07 0.1
Measurement model bias 0.1 0.1 0.1

Measurement model bias (systematic error)

The correction factor, b, is a model bias or calibration term introduced to correct for
systematic errors in measuring soil engineering properties, in this case by the use of Q-tests
rather than more modern test procedures (Table 4). The predominant soil property test data
available in the GDMs were unconsolidated-undrained tests. However, in the post-Katrina
investigations of floodwall failures along the metro-Orleans drainage canals, Team 7 performed
a large number of in situ cone-penetration, and laboratory tri-axial and direct simple shear tests
on fill, marsh, and distributary clays, as summarized above. These test results were compared
with Q-test data collected at the same sites and reported in the respective GDMs (IPET vol. V,
2006). The subsequent calibration factors were used to adjust the Q-test data per the
measurement bias term, b, in the above equation.

Volume VIII Engineering and Operational Risk and Reliability Analysis — Technical Appendix VIII-10-21
This report is the independent opinion of the IPET and is not necessarily the official position of the U.S. Army Corps of Engineers.



Fragility curves

Fragility curves summarize the probability of components reaching their respective limit
states (i.e., failure), conditioned on levels of water elevation from hurricane conditions. For
example, the fragility curve of Figure 9 shows schematically the probability of failure by deep-
sliding instability of a levee reach as a function of water height. Design basis water elevation
indicates the probability of failure at the design water level (i.e., 3 ft from the top of the levee).

Fragility curves for levees and floodwalls were calculated for two conditions (Table 5):
(1) global stability without overtopping, for which reliability was calculated at two water
elevations, design elevation and top of levee, and a smooth curve approximated to lower water
elevation at sea level; and (2) overtopping with subsequent erosion, for which reliability was
estimated from empirical experience during Katrina at four water elevations of overtopping:
% foot, 1 foot, 2 feet, and 3 feet above the top of levee or flood wall. The fragility curves for all
reaches are attached in Appendix A at the end of this appendix.
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Figure 9. Schematic fragility curve with epistemic uncertainty bounds at the 0.15 and 0.85 fractiles.

Once the fragility curves for each component failure mode were determined, they were input
to the HPS risk model, which is based on event tree analysis. For each sequence in the event tree,
a ‘sequence’ fragility curve is determined by evaluating the event tree logic at each successive
water elevation level. Once each sequence of events has been evaluated, the composite or total
fragility for system failure can be determined for each system performance state of interest (e.g.,
no flooding has occurred in any area protected by the HPS, or flooding occurred as a result of
levee or floodwall failure, or flooding occurred as a result of overtopping).

Reliability assessments were performed for individual reaches of approximately
homogeneous structural type, elevation, geotechnical conditions, and water elevations. This
resulted in fragility curves for each reach by mode of failure. Such fragility curves represented
the aleatory (i.e., random) uncertainties from one hurricane to another.
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Table 5. Summary of engineering models used in calculating fragility curves

Source of Principal
Failure Mode Hazard Models and Parameters | Inputs Uncertainty
Static Still-water surge; Limiting equilibrium IPET v.IV, V, Soil properties;
instability weak foundation stability Soil test data; [ Still water levels;
soils Design Existing

Memoranda; elevations;
In situ surveys | Geotechnical

model
Under seepage Still-water surge; Flownet calculations; IPET v.IV, V; Soil properties;
high permeability Limiting equilibrium Soil test data; | Still water levels;
soils stability Design Existing

Memoranda; elevations;
In situ surveys | Geological profile
geometry

Still-water Still-water surge; Empirical correlations IPET v.IV, V; Still water levels
overtopping and erodable fill from post Katrina data Soil fill properties
scour Existing
elevations

Scour model

Transition Still-water surge; Empirical observations IPET v.V; Still water levels
point feature erodable fill during Katrina Soil fill properties
erosion Existing
elevations

Scour model

Wave run-up Wave heights and Empirical (Dutch) IPET v.IV Wave height and
periods; erodable fill | correlations and model period;

test results Still water levels;
Existing
elevations

Levee fragility, no overtopping

Engineering performance models were adapted from the GDM for the respective reaches of
levee. Engineering parameter and model uncertainties were propagated through those
calculations using a first-order second-moment approximation to obtain approximate fragility
curves as a function of water height. The geotechnical models used in the GDMs were calibrated
against the analysis work of the Performance Team which used more refined calculations.

The reliability analysis was based on limiting equilibrium calculations of factor of safety
against instability. For levees, the analysis was based on GDM calculations of factor of safety
against wedge instability (Table 5). The calculations were based on undrained (¢=0) failure
conditions. Undrained strengths of soils underlying the levees and walls are based on Q-test
(unconsolidated -undrained) results using the USACE Method of Planes (Figure 10).

Model bias was calculated based on a comparison of the detailed modeling results of the
Performance Team compared to the more simple general method of planes used in the GDMs.
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On average, the GDMs calculated factors of safety that were approximately 10% lower than
more precise model analysis using the computer programs SLIDE' and UTEXAS4, varying
from about 7% to about 18% (IPET v.V 2006). These model comparisons were summarized in a
study conducted by Team 7 for Task Force Guardian.

Best estimate calculations

Best estimate calculations were based on average (mean) soil properties, adjusted from
calculations in the GDMs, which used factored average soil properties (Table 6). That is, the
calculation of factor of safety in the GDMs was not based on mean observed undrained
strengths, but factored strengths, using a reduction factor of 1.2 to 1.3. These were corrected for
the reliability analysis to yield a mean factor of safety.

Table 6. Soil property uncertainty by parish

Mean Point

SuU Point | Cov Less | Spatial Cov Depth |Bound for | Std Dev
Parish | (TSF) Cov Noise Reduction |Averaged [N of Data | Outliers in Mean
OEB |0.24 0.43 0.22 0.70 0.15 71 |0to-40 (0.4 0.05
STB 0.16 0.53 0.27 0.70 0.19 64 |(0to-40 |0.4 0.07
NOE |[0.22 0.58 0.29 0.70 0.20 43 |0to-40 |04 0.09
STC 0.09 0.41 0.21 0.70 0.14 45 |0to-40 (04 0.06
JEF 0.16 0.62 0.31 0.70 0.22 169|0to-40 |0.4 0.05

Uncertainties in undrained shear strength were propagated through the GDM calculations to
estimate a coefficient of variation in the calculated factor of safety. The factor of safety was
assumed to be normally distributed, and a fragility curve was approximated through a limited
number (typically two) of calculation points.

Soil property uncertainty in the form of coefficients of variation for undrained soil strengths
underlying the levees and walls was propagated through the limiting equilibrium wedge stability
calculations to obtain coefficients of variation on factors of safety, shown in Table 7. In most
cases, the stability analyses were linear functions of undrained soil strength so that the
coefficient of variation of the factor of safety was the same as the coefficient of variation of the
input soil strengths. The mean factor of safety was taken as that calculated in the GDMs,
adjusted for factored strengths.

! Available from Rocscience Inc., 31 Balsam Avenue, Toronto, Ontario, Canada M4E 3B5.
2 Available from Shinoak Software, 3406 Shinoak Drive, Austin, TX 78731.
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Figure 10. Typical method-of-planes wedge stability analysis of levee section from GDM (USACE 1972)

Table 7. Uncertainty analysis for example levee reach in NOE.

Water level Design basis %4 design basis Top of levee
Mean FS 1.3 2 1.2

Spatial COV 0.17 0.17 0.17

Spatial average reduction factor 0.8 0.8 0.8
Systematic COV 0.07 0.07 0.07

Total COV 0.15 0.15 0.15
Reliability Index, b 2.2 6 1.7

Pf for specific 1000 ft reach 0.014 0 0.045
Increase in Pf per 1000 feet reach 2% 0.0 5%

Fragility curves summarize the conditional probability of levee or wall failure as a function

of water elevation. Calculations were made for a three specific water elevations: typically design
water level, some level lower than design (i.e. sea level), and at the top of the levee or wall.

Uncertainty in realized factor of safety

For a given water elevation, uncertainty in the realized factor of safety against sliding

depends principally on the average soil strength, Su, across the area of the failure surface. This
average strength varies from cross-section to cross-section because the soil properties themselves
vary from spot to spot (Figure 11). The variability in the average soil strength is less than the
variability in the point-to-point properties because, to some extent, the highs and lows of the soil
strength balance against each other over the failure surface. The larger the failure surface relative
to the autocorrelation of the soil properties, the greater the variance reduction from the local
averages. VanMarcke (1977a,b) has shown that the variance of the spatial average for a unit-
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width plain strain cross section decreases approximately in proportion to (L/rz), for L>r, in
which L is the cross-sectional length of the failure surface, and r; is an equivalent auto-
covariance distance of the soil properties across the failure surface weighted for the relative
proportion of horizontal and vertical segments of the surface. For the wedge failure modes this is
approximately the vertical auto-covariance distance. The variance across the full failure surface
of width w along the axis of the levee is further reduced by averaging in the horizontal direction
by an additional factor (w/ry), forwb>ry , in which ry is the horizontal auto-covariance distance.
At the same time that the variance of the average strength on the failure surface is reduced by the
averaging process, so, too, the auto-covariance function of this averaged process stretches out
from that of the point-to-point variation.
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Figure 11. Point variation in undrained strength and variation among locally averaged strength.

For a failure length of approximately 1000 feet along the levee axis and 30 feet deep, with
horizontal and vertical auto-covariance distances of 1000 feet and 10 feet, respectively, the
corresponding variance reduction factors are approximately 0.75 for averaging over the cross-
sectional length L, and between 0.73 and 0.85 for averaging over the failure length b, assuming
either an exponential or squared-exponential (Gaussian) auto-covariance. The corresponding
reduction to the COV of soil strength based on averaging over the failure plane is the root of the
product of these two factors, or between 0.74 and 0.8.

The Reliability Index for the specific levee reach of length w is the number of standard
deviations separating the mean condition from the limiting state,
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in which E/F'S] is the mean factor of safety, Var(FS) is the variance, and (2gg is the COV.

Seepage

A number of seepage failure modes were considered for specific reaches of the HPS. These
included:

a. Increases in pore pressures in foundation or levee soils, leading to decreases in effective
stress and thus reduced shear strength;

b. Internal erosion (“piping”) caused by high seepage gradients in either foundation or levee
soils, and either at the exit of the seepage or deep within the sold mass, leading to loss of
material and the development of through-going channels; and

c. “Blowouts” caused by pore pressures on the protected side of a levee exceeding existing
overburden pressures caused by the weight of overlying soils, leading to voids or sinkholes and
thus failure.

Failures due to seepage pressures or erosion were observed during Katrina at the London
Avenue Canal site and also present hazards at northern reaches of the IHNC. At London Avenue,
“a line of sinkholes was observed at the inland side of the distressed east I-wall, and a sand boil
at the inboard embankment toe indicate[d] that erosive seepage and piping had occurred beneath
the levee” (IPET v.V 2006). In this area, the buried Pine Island Beach deposit, which is
Holocene age (i.e., recent) sands, rises close to the present ground surface (Figure 12).

The fragility curves for any reach in which the sands rise to within the critical failure zone
under a levee or wall were adjusted for seepage pressure effects. These affected reaches included
not only those in the vicinity of the Pine Island Sand, but also those suspected of crossing
untreated buried stream channels in other sections of the HPS. The adjustment of the fragility
curves was accomplished by estimating potential pore pressure rise in the affected reaches, and
reducing effective strengths in the sand layers accordingly. This lowers the predicted mean factor
of safety, and correspondingly increases the probability of failure at given still water levels.

Length effect

The HPS of New Orleans includes long lengths of embankment or wall extending many
miles across ground that is poorly characterized from an engineering perspective. Levees fail at
locations where loads are high and strengths are low. If these critical locations are identified
ahead of time, traditional methods can be used to analyze stability and calculate factors of safety.
In such situations, the overall length of levee is immaterial, because the weakest spots have been
identified and dealt with. The probability that the levee fails is that of these weakest spots.
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Figure 12. Generalized contour map showing Pine Island Beach contour values are in ft MSL. Upper
figure shows general trend of the contours of the top of beach ridge in the New Orleans area,
lower figure shows detailed view at the canals. London Canal levee failures are located along
the axis of the beach. The 17th Street Canal levee break is located on the protected or back
barrier side of the beach ridge and consequently is dominated by fine-grained deposits
corresponding to low-energy depositional type settings. Extent of beach ridge shown extends
across the Spanish Fort, Chef Mentuer, and New Orleans 15-min. USGS topographic
quadrangles. [From IPET v.V 2006].

1 7™ Street

The more common situation is that the levee system is not characterized with enough detail
to know unambiguously where the weakest spots are. In this case, any reach of levee has some
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probability of experiencing higher than average loads or lower than average strengths, and as a
result, of being a “weak spot.” Since this critical combination cannot be uniquely identified
before a failure occurs, the longer the levee, the greater the chance that a critical combination
exists somewhere, and thus the higher the probability of a failure somewhere.

For a long levee, the chance of at least one failure is equivalent to the chance that the
variations of the mean soil strength across the failure surface shown schematically in Figure 11
drop below that required for stability at least once along the length. VanMarcke (1977a,b) has
shown that this can be determined by considering the first crossings of a random process. The
approximation to the probability of at least one failure as provided by VanMarcke (1977) was
used in the calculations.

VanMarcke’s derivation is approximately as follows: For a given loading condition, that is,
height of water, uncertainty in the realized factor of safety against sliding depends principally on
the average soil strength, Su, across the area of the failure surface. This average strength varies
from cross-section to cross-section because the soil properties themselves vary from spot to spot.
The variability in the average is less than the variability in the point-to-point properties, because
to some extent the highs and lows of strength balance out each other over the failure surface. The
larger the failure surface relative to the autocorrelation of the soil properties, the more the
variance of the local averages is reduced.

Reach 1 Reach 1 Reach 1

cL c.2 CL3 cL4

B T R e .|

Figure 13. Division of levee system into reaches and characteristic lengths.

VanMarcke has shown that the variance of the spatial average for a unit-width plain strain
cross section decreases approximately in proportion to (L/r;), for L>r;, in which L is the cross-
sectional length of the failure surface, and 7, is an equivalent autocovariance distance of the soil
properties across the failure surface weighted for the relative proportion of horizontal and
vertical segments of the surface. The variance across the full failure surface of width b along the
axis of the levee is further reduced by averaging in the horizontal direction by an additional
factor (b/ry), for b>ry , in which ry is the horizontal autocovariance distance. At the same time
that the variance of the average strength on the failure surface is reduced by the averaging
process, so, too, the autocovariance function of this averaged process stretches out from that of
the point-to-point variation.
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The primary level of analysis of levee reliability is the two-dimensional levee section. The
presumption is that this 2D section applies over a unit length of levee, defined approximately as
the horizontal autocorrelation distance, and treated as a probabilistically independent
characteristic length (Figure 13). As the total length of levee increases, the probability of
systems failure rises in proportion to length, and soon displays a classic exponental saturation
shape trending asypmtotically toward 1.0, according to the fomula,

szl_(l_p)n

€)

in which, P, =1—(1— p)" is the probability of system failure, p is the 2D probability of failure,

and 7 is the number of characteristic lengths within the reach. Length effects for other failure
modes are summarized in (Table 8).

Table 8. Simplified list of failure modes of levee sections.

Failure Mode

Probability of Failure

etc.,

Category | Description Dependent On Length Effect?

H&H Overtopping leading to Hydrological return periods Maybe: top elevations may
breach. vary, hydraulics may vary

along length.

H&&H Wave attack on floodway | Significant wave heights and Unlikely. Depends on most
side and lateral erosion mean periods, duration of loading, | exposed sections.
leading to breach soil type.

H&H/GT | Erosion around structural | Velocity of overtopping, soil types, | Yes, number of points per
point features (e.g., pipes) | point feature details length
or transitions.

H&H/GT | Wave erosion on protected | Significant wave heights and Yes: top elevations may
side due to run-up and mean periods, duration of loading, | vary, hydraulics may vary,
over-sloshing soil type. soil erodability may vary

along length.

GT Internal erosion due to Existence and severity of flaw Yes, number of flaws, or
under seepage excursions of average

properties per length

GT High pore pressures in or | High permeability zones in Yes, number of flaws per
under protected side continuum, or point (flaw) features |length
caused by under seepage | such as buried channels.

GT Slope strength instability Continuum properties of levee or | Yes, excursions of average

subsurface properties

GT Internal erosion due High permeability zones in Yes, number of flaws per
through-seepage continuum, or point (flaw) length

features. Critical gradient,
existence and properties of flaw

GT Transverse cracking of Existence of cracking, dimension | Yes, number of flaws per
levee embankment. and character, soil types. length

Other Animal burrows, cracking, |Existence of flaw Yes, number of flaws
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Wave run-up’

Wave run-up for each reach was calculated by the approach summarized in TAW (2002).
The average wave run-up and overtopping for levees according calculated according to the
formula,

g _0067 . exp(_4.75 R 1 ]
Jgi, ~tana H,o So7sY 1YY

4) (1)

with maximum: 9 __02 exp| —2.6 R 1
gHj;O H,, Vr¥s

in which,

g = overtopping rate [cft/s per ft]
g = gravitational acceleration [= 32.18 ft/s’]
H,o = significant wave height at toe of the structure [ft]

= surf similarity parameter [-]

o= slope [-]

R. = free crest height above still water line [ft]

v = influence factors for presence of berm (b), friction (f), wave incidence (p),

vertical wall (v)

The coefficients 4.75 and 2.6 are empirical mean values. The standard deviations aere 0.5
and 0.35, respectively and normally distributed.

Equation (6) is valid for & < 5 and slopes steeper than 1:8. For values of &, >7 the
corresponding relationship is,

23 =107 exp[—
&

m0

RC
77 pH 0 (0.3340.022&, )] (5 (2)

The coefficient -0.92 is the empirical mean value, with standard deviation 0.24 and normally
distributed. The overtopping rate in the range 5 < §; < 7 is obtained by linear interpolation of
Equations (6) and (7) using the logarithmic value of the overtopping rates. The surf similarity
parameter is defined as:

@G ith g, = 2o 6) (3)

So = —
\/g g(Tm—l,O)

! This section draws heavily on the internal USACE memorandum, van Ledden (2007), “Wave overtopping IPET,”
dated 21 June.
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in which,

sp = wave steepness [-]
Tm-10= mean period [s]

Eq. (1) - (3) contain levee parameters such as the slope and the crest height and several
influence factors for angle of wave incidence, friction, the presence of a berm and a vertical wall.
The hydraulic levee designs in the New Orleans area generally have two steep sloping sections
of 1:3 — 1:5 and a wave berm in between. The wave berm is located at the design still water line.
A common wave berm factor for these levee designs is y, = 0.65 — 0.75. Apart from specific
cases, a grass-covered levees without floodwalls on top and perpendicular wave attack is
assumed. Hence, there is no reduction of the overtopping rate due to friction, wave attack and
vertical walls. Based on this, we suggest to use in the risk model the following settings: slope
a = Y4, a berm factor v, = 0.7 and yr=yg =y, = 1 (“no effect”).

The average wave overtopping over floodwalls is correspondingly,

R
~ 4 _0082exp 302 1 (7) (4)
gH/iO HmO ]/ﬂyb
in which,
g = overtopping rate [cft/s per ft]
H,o - significant wave height at toe of the structure [ft]
.= free crest height above still water line [ft]
vy = influence factors for wave incidence (p) and type of geometry (s)

The coefficient 3.0 is the empirical mean value, with standard deviation 0.26, and a Normal
distribution assumed. The influence factors are: y; = 1 and yg = 0.83 for plain impermeable
floodwalls with perpendicular wave attack of short-crested waves.

For both levees and floodwalls, the average wave overtopping can be computed using the
still water level from ADCIRC and the wave information from STWAVE. The mean wave
period Ty,.1 o is derived directly from the STWAVE results at 600 ft in front of the
levees/floodwalls'. The significant wave height at the toe of the structure (Hpyo) is also derived
from the STWAVE results, but is adapted because of depth-limited breaking in front the
structure. The significant wave height based on the STWAVE results is limited to the maximum
significant wave height according to: H ;... = ¥(¢ = z,,,); in which, y = breaker parameter [-],

= still water level [ft], and z,. = bottom level at toe of structure [ft].

! Note that only the peak period T, is available for the 152 storm suite of the 2007 situation. The peak period T, can
be converted easily into the mean period Tp,.; o using Tp.1 9= Ty/1.1.
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The breaker parameter in Eq. (5) is set at y = 0.4 in the design study. The bed level at the toe
of most of the structures is assumed to be at zy,. = 0 ft. The standard deviation for the significant
wave height is assumed to be 10% of the value based on STWAVE (or after reduction due to
depth-limited breaking according to Eq. (5)). The error in the wave period is set at 20% of the
STWAVE result. The error is assumed to Normally distributed. Both errors are based on expert
judgment due to lack of field data.

I-Wall fragility, no overtopping

The reliability analysis for I-walls was similarly based on limiting equilibrium calculations of
factor of safety against instability. For [-walls, the analysis is based on the Performance Team’s
mechanism of cracks developing in the soil immediately behind the wall and sheetpile, allowing
hydrostatic pressure on the sheetpile. The equilibrium of a soil wedge to the protected side of the
wall (Figure 14) was calculated for this condition. The calculations were based on undrained
(¢=0) failure conditions. Undrained strengths of soils underlying the levees and walls were based
on “Q-test” results. The design consideration of balancing forces and moments on the sheet pile
to determine depth of penetration was considered immaterial to the reliability analysis of the wall
sections.

Based on the results of the Performance Team’s analyses, it was assumed that cracking
initiated at 5 feet of water elevation on an I-wall. Thus, for water elevations lower than 5 feet,
the factor of safety was that calculated in the GDMs. But at 5 feet, when a crack formed in the
soil, the factor of safety underwent a step change to a forward (protected side) wedge failure.

17th Street Canal

Case 20
Section GDM 20
F=100 Water elev. = +13.6 ft NGVD

Tension crack

W
h

I

Lacustnine Clay 2

Figure 14. Failure by rotation of I-wall, reducing I-wall elevation (IPET Vol. V, 2006).
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If soil separations developed in front of the sheetpile or the levee, the condition resulted in
increased hydrostatic forces on the flood side of the I-wall and the levee. If the separation was of
sufficient depth, the hydrostatic forces on the wall may exceed the shear strength of the
supporting soil and cause failure along wedge lines of least resistance behind the sheetpile.
Reliability calculations were based on the probability that shear resistance of a wedge was
exceeded by the loads on the levee and floodwall for a given hurricane.

Levee and I-Wall fragility, with overtopping

Reliability calculations were based on the probability of overtopping causing erosion of the
protected side of a levee that led to a breach. Two approaches were considered: The first
approach considered flow velocities over the levee. The second approach considered water
elevation, which is estimated by the storm surge modeling, as an indirect parameter of flow
velocity.

Based on the Performance Team’s results, the probability of erosion breaching was
considered to be negligible for floodwall sections, and related to the presence of significant
depth of hydraulic fill for levee sections. The fragility curve for levee sections was assumed to
be that of the static failure analysis (above) up to the point of overtopping, and then a step
function to Pf=1.0 for those sections with significant depths of hydraulic fill. For levee sections
without significant hydraulic fill, the fragility curve remained flat at the top of wall fragility for
overtopping.

Scour and erosion

The probability of overtopping of levees or floodwalls leading to scour and consequent
failure was directly estimated based on empirically observed rates of failure during Katrina and
documented in IPET Volume V (2006), and as shown in Table 9. These are consistent with later
analyses by Briaud, et al. (2006).

Table 9. Empirical frequency of overtopping scour failure of levees and walls as
observed in Katrina, as a function of the velocity of overtopping flow (correlated to
depth of overtopping) and soil type.

Levees <0.5 foot £1.0 foot £2.0 feet 3 feet
Hydraulic Fill 0 0 1 1

Clay 0 0 0.25 0.5

Protected 0 0 0 0.1

Walls <0.5 foot £1.0 foot £2.0 feet 3 feet
Hydraulic Fill 0 0 0.5 1

Clay 0 0 0.25 0.5

Protected 0 0 0 0.1
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Transitions and Point Structures

A number of HPS breaches were observed at transitions between HPS components. These
breaches were typically at levee to I-wall, levee to T-wall or [-wall to T-wall transitions. Many
of the HPS breaches were at point structures such as gates (road and railroad), pump stations, or
around drainage control structures. These transitions indicate a weak link in the HPS due to the
differing stiffness of the components which permit them to become areas of significant erosion
during a hurricane event.
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Figure 15. Example of Transition Zone for East Bank of INHC

Many of these transitions zones failed use a “wrap-in” levee section to a more rigid wall
structure. Instead, the levee sections sloped quickly away from the transition to expose the I- or
T-wall. The steep slopes permitted a concentrated zone for the erosion of the levee that
eventually exposed the I-wall or T-wall structure to additional loading and continued eroding.
This dynamic process could lead to instability and collapse or damage to end sections of the
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wall. An example of a levee transition for a gate section on the east bank of the INHC is shown
in Figure 15.

The failure modes for these transitions zones are complex and dynamic. The failure modes
use the qualitative erosion parameters developed by the Performance Team as the basis for
change in the stability of components at the transition zones. That is, the fragility of the
transitions was taken to be similar to that of overtopped levee sections, and to depend on the
combination of height of overtopping water and the presence of hydraulic fill enlargement to the
levee section. Reliability for point structures (gates, control structures, pump stations) was taken
as a point probability of failure for design loading.

Failure Mode 1-Scour and erosion caused point structure (i.e. drainage pipe) instability. A
levee breach may occur due to loss of the I- or T-walls at a point structure and scour could create
instability and collapse of the structure, resulting in a breached area.

Failure Mode 2—Breach occurs at the water stop between the I-wall and T-wall panel
junction. This failure mode may be caused by differential displacement between panels and may
develop tensile and shear forces in the water stop and panels. This may be due to levee erosion
on the flood side or different rotation point between panels, or to lateral displacement of the
levee from a foundation shear failure. This failure mode was not explicitly included in the risk
calculations.

Failure Mode 3—Breach at the levee and I-wall transition. This failure mode occurs due to
levee erosion on the protected side, where the erosion starts at the end of the levee transition and
progresses back toward the I-wall, until the I-wall rotates toward the protected side. This was
treated as Failure Mode 1.

Pumping Stations

The adverse performance of mechanical, electrical, and human elements of the HPS, such as
pumps, the availability of power, and the closure of gates, is treated as random point (i.e.,
aleatory) events with discrete probabilities of failure based on the statistical record during
Katrina and on information provided by other IPET teams.

The pumping stations are critical HPS system components because they maintain the flood
levels on the protected side. Unfortunately, many of the pumping stations during Katrina reached
and exceeded their pumping capacity shortly into the storm. Their reliability during Katrina was
not exceedingly high as the stations primarily failed due to rising waters at the plants, a lack of
external or backup power source, or were shut down due to inefficient pumping. These systems
are designed to handle specific level of rainfall and are easily overwhelmed when the levees are
overtopped by a hurricane event. The following failure modes were possible for the pumping
stations: no commercial power, back up generator failed, mechanical fuel unavailable, pumps not
functioning at time of incident, mechanical failure of components, operator unavailability, debris
blocking intakes, or reversed or back flow through outfall pipes.
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The reliability of the pumping stations was included in the risk model as point sources. The
reliability is based on data collected by the Pumping Team, performance data maintained by
Task Force Hope, and information from the dewatering plan for New Orleans developed by the
New Orleans District. The fragility curves for each pumping stations will be limited to a specific
elevation or volume of water within the drainage basin. These fragility curves will vary for each
pumping station and will reflect the interior drainage areas and back flow potential as determined
by the Interior Drainage Team.
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Appendix A — Fragility Tables

Table A-1. Jefferson Parish — Pre-Katrina Fragilities

2-D Fragilities 3-D Fragilites
Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping) Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve | Il pping)
Minimum . - . |Design Elev.] Top of
NF::E:r :ea:: IEIev;t'I-onn forl s%“"'g:' Fring E\Ii-\;} Top o;L&\:rfTop 112 ft Overtopping| 1 ft Overtopping | 2 ft Overtopping | 3 ft Overtopping |  Length ”'""";TPE:]"“N (L:;: :‘r;}m Lo:feﬁfp o 1"2: ol o ! fj, o | o 2 “". g o\ro:ogping
30 JE1 1E-12 0.009 0.014 0.014 0.014 0.250 0.500 6745 1E-12 0.062 0.092 0.092 0.092 0.322 0.607
k3 JE2 1E-12 0.008 0.014 0.014 0.014 0.250 0.500 5915 1E-12 0.054 0.081 0.081 0.081 0.288 0.560
32 JE3 1E-12 0.009 0.014 0.014 0.014 0.250 0.500 4945 1E-12 0.046 0.068 0.068 0.068 0.250 0.500
33 JE4 1E-12 0.034 0.055 0.055 0.055 0.250 0.500 36430 1E-12 0.719 0.874 0.874 0.874 0.877 0.994
34 JES 1E-12 0.034 0.055 0.055 0.055 0.250 0.500 19925 1E-12 0.500 0678 0678 0.678 0.682 0.937
35 JES 1E-12 0.188 0.334 0.334 0.334 0.500 1.000 12300 1E-12 0.923 0.993 0.993 0.993 0.993 1.000
36 JE7 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 4205 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
a7 JES 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 53080 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
38 JES 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 2595 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
108 cwi1 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 21496 1E-12 0.387 0.581 0.581 0.581 1.000 1.000
1089 cwz2 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 13947 1E-12 0.272 0431 0431 0431 1.000 1.000
110 cw3 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 24047 1E-12 0.422 0.622 0.622 0.622 1.000 1.000
111 Cw4 1E-12 0.005 0.008 0.008 0.008 0.250 0.500 8180 1E-12 0.039 0.083 0.083 0.063 0.375 0.678
112 cws 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 1730 1E-12 0.033 0.088 0.088 0.088 0.250 0.500
113 cwe 1E-12 0.005 0.008 0.008 0.008 0.250 0.500 320 1E-12 0.005 0.008 0.008 0.008 0.250 0.500
114 cw7 1E-12 0.005 0.008 0.008 0.008 0.250 0.500 1495 1E-12 0.007 0.012 0.012 0.012 0.250 0.500
115 cws 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 85630 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
116 WH1 1E-12 0.005 0.008 0.008 0.008 0.250 0.500 3060 1E-12 0.015 0.024 0.024 0.024 0.250 0.500
117 WH2 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 11240 1E-12 0.226 0.365 0.365 0.365 0.476 0.789
118 WH3 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 16370 1E-12 0.311 0.484 0.484 0.484 0.610 0.897
119 WH4 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 22135 1E-12 0.396 0.591 0.591 0.591 0.720 0.954
120 WHS 1E-12 0.005 0.008 0.008 0.008 0.250 0.500 6690 1E-12 0.032 0.052 0.052 0.052 0.318 0.604
121 WHE 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 16120 1E-12 0.307 0.479 0479 0.479 0.604 0.893
122 WH7 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 26700 1E-12 0.455 0.660 0.680 0.660 0.785 0.975
123 WH8 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 9510 1E-12 0.195 0.319 0.319 0.319 0.421 0.732
124 WH?9 1E-12 0.005 0.008 0.008 0.008 0.250 0.500 1165 1E-12 0.008 0.009 0.009 0.009 0.250 0.500
126 WH10 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 20710 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
127 HAZ2 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 14550 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
128 HAZ 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 28337 1E-12 0.475 0.682 0.682 0.682 1.000 1.000
129 HA4 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 44000 1E-12 0.633 0.8 0.831 0.831 1.000 1.000
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Table A-2. New Orleans East Parish — Pre-Katrina Fragilities

2.D Fraailities

3D Fragilites

Pf F’*“'g‘\‘:ﬂi‘;’;;i:::']“"h""° Pf Fragility Curve (Breach|Overtopping) Pf F'ag"c"tzei‘:)::“(;’)”""""° Pf Fragility Curve (Breach|Overtopping)
Reach | Reach |Minimum| Design Elev. [  Top of 21t - aht - Minimum E?::ig(:) Topof | 12ft 11t 21t 3t
Elevation| (L) 6ft from |Levee/Top of " Length Elevation for N Levee/To | Overtoppin| Overtoppin| Overtoppin | Overtoppin|
Number [ Name |° "o o "o w) Wall Overtopping | Overtopping | Overtopping | Overtopping i :‘f; \:T\:lr} p of Wall g g g g
1 NOE 1 TE12  0.005 0.008 0.008 0.008 0.500 7.000 2405 1E-12 0012 0.019 0.019 0.019 0.500 7.000
2 NOE 2 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 250 1E-12 0023  0.040 0.040 0.040 1.000 1.000
3 NOE 3 1E-12  0.005 0.008 0.008 0.008 0.500 1.000 2325 1E-12 0011 0018 0.018 0.018 0.500 1.000
4 NOE 4 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 2330 1E-12 0052  0.090 0.090 0.090 1.000 1.000
5 NOE 5 1E-12  0.005 0.008 0.008 0.008 0.500 1.000 2270 1E-12 0011 0018 0.018 0.018 0.500 1.000
6 NOE 6 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 19110 1E-12 0353 0538 0.538 0.538 1.000 1.000
7 NOE 7 1E-12 0.005 0.008 0.008 0.008 0.500 1.000 1475 1E-12 0007 0012 0.012 0.012 0.500 1.000
8 NOE 8 1E-12  0.023 0.040 0.040 0.040 1.000 1.000 2725 1E-12 0060  0.104 0.104 0.104 1.000 1.000
9 NOE 9 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 32900 1E-12 0527 0736 0.736 0.736 1.000 1.000
10 NOE 10 1E-12  0.023 0.040 0.040 0.040 1.000 1.000 5830 1E-12 0124 0210 0.210 0.210 1.000 1.000
11 NOE 11 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 13325 1E-12 0262 0417 0.417 0.417 1.000 1.000
12 NOE12 1E-12  0.023 0.040 0.040 0.040 1.000 1.000 8910 1E-12 0184  0.303 0.303 0.303 1.000 1.000
13 NOE13 1E-12  0.023 0.040 0.040 0.040 1.000 1.000 9185 1E-12 0.189 0310 0.310 0.310 1.000 1.000
14 NOE 14 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 2615 1E-12 0.058  0.100 0.100 0.100 1.000 1.000
15 NOE 15 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 4470 1E-12 0.097  0.165 0.165 0.165 1.000 1.000
16 NOE 16 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 13045 1E-12 0257 0410 0.410 0.410 1.000 1.000
17 NOE17 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 10570 1E-12 0214  0.348 0.348 0.348 1.000 1.000
18 NOE 18 1E-12  0.005 0.008 0.008 0.008 0.500 1.000 10760 1E-12 0051 0082 0.082 0.082 0.775 1.000
19 NOE19 1E-12  0.005 0.008 0.008 0.008 0.500 1.000 9320 1E-12 0045 0072 0.072 0.072 0.725 1.000
20 NOE20 1E-12 0023 0.040 0.040 0.040 1.000 1.000 7905 1E-12 01656 0274 0.274 0.274 1.000 1.000
21 NOE 21 1E-12  0.005 0.008 0.008 0.008 0.500 1.000 5520 1E-12 0027  0.043 0.043 0.043 0.535 1.000
22 NOE22 1E-12  0.023 0.040 0.040 0.040 1.000 1.000 385 1E-12 0023  0.040 0.040 0.040 1.000 1.000
23 NOE23 112 0.023 0.040 0.040 0.040 1.000 1.000 15320 1E-12 0294 0462 0.462 0.462 1.000 1.000
24  NOE24 1E-12  0.005 0.008 0.008 0.008 0.500 1.000 2910 1E-12 0.014 0023 0.023 0.023 0.500 1.000
25  NOE25 1E-12 0023 0.040 0.040 0.040 1.000 1.000 3230 1E-12 0071 0122 0.122 0.122 1.000 1.000
26 NOE 26 1E-12  0.006 0.008 0.008 0.008 0.500 1.000 1640 1E-12 0008 0013 0.013 0.013 0.500 1.000
27  NOE27 1E-12 0023 0.040 0.040 0.040 1.000 1.000 2750 1E-12 0061 0105 0.105 0.105 1.000 1.000
28 NOE28 1E-12 0023 0.040 0.040 0.040 1.000 1.000 4100 1E-12 0089 0153 0.153 0.153 1.000 1.000
29 NOE29 1E-12  0.165 0.319 0.319 0.319 0.500 1.000 11185 1E-12 0.867  0.986 0.986 0.986 0.986 1.000
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Table A-3. Orleans Parish — Pre-Katrina Fragilities

2-D Fragilities 3-D Frag ilites
Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping) Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping)
Reach | Reach | M™™U™ | ocion Elev. () [ Top of LovearTo Design Elov.|  Top of nz Mt T 21 an
Number | Name 'E'“;"':n" forl o frlgm TOW :wl} ? of Wall Plz e over 110 2ft Overtopping | 3RO Length for Pf=0 "‘T’;: ;:']'“ "':f";‘:lf"‘ Ovartopping | Overtopping | Overtopping | Overtopping
a5 oM TE-12 0.188 0.334 0.334 0.334 0.500 1.000 12740 1E-12 0.929 0.994 0.994 0.994 0.994 1.000
46 oMz 1E-12 0.097 0.265 0.265 0.265 0.500 1,000 9280 1E-12 0.612 0.943 0.943 0.943 0.943 1.000
47 oM3 1E-12 0.026 0.070 0.070 0.070 1.000 1.000 3166 1E-12 0.079 0.205 0.205 0.205 1.000 1.000
48 oM 1E-12 0.097 0.266 0.265 0.265 0.500 1.000 9110 1E-12 0.605 0.939 0.939 0.939 0.939 1.000
49 OM5 1E-12 0.026 0.070 0.070 0.070 1.000 1.000 3610 1E-12 0.090 0.231 0.231 0.231 1.000 1.000
50 OM6 1E-12 0.165 0.319 0.319 0.319 0.500 1.000 12130 1E-12 0.888 0.991 0.991 0.991 0.991 1.000
51 oM? 1E-12 0.026 0.070 0.070 0.070 1.000 1.000 3880 1E-12 0.096 0.246 0.246 0.246 1.000 1.000
52 oM8 1E-12 0.165 0.319 0.319 0.319 0.500 1.000 12765 1E-12 0.900 0.993 0.993 0.993 0.993 1.000
53 oM 1E-12 0.026 0.070 0.070 0.070 1.000 1.000 3030 1E-12 0.076 0.198 0.198 0.198 1.000 1.000
54 oM10 1E-12 0.000 0.001 0.001 0.001 0.250 0.500 2925 1E-12 0.001 0.002 0.002 0.002 0.250 0.500
55 oM 1E-12 0.004 0.010 0.010 0.010 0.250 0.500 6310 1E-12 0.024 0.059 0.059 0.059 0.304 0.583
56 omiz 1E-12 0.004 0.010 0.010 0.010 0.250 0.500 9940 1E-12 0.037 0.092 0.092 0.092 0.436 0.748
57 oM13 1E-12 0.004 0.010 0.010 0.010 0.250 0.500 2380 1E-12 0.009 0.023 0.023 0.023 0.250 0.500
58 om1a 1E-12 0.000 0.001 0.001 0.001 0.250 0.500 3220 1E-12 0.001 0.002 0.002 0.002 0.250 0.500
59 oM15 1E-12 0.004 0.010 0.010 0.010 0.250 0.500 7605 1E-12 0.028 0.071 0.071 0.071 0.354 0.652
60 oM18 1E-12 0.000 0.001 0.001 0.001 0.500 1.000 1155 1E-12 0.000 0.001 0.001 0.001 0.500 1.000
61 oMi7 1E-12 0.097 0.265 0.265 0.265 0.500 1.000 9095 1E-12 0.605 0.939 0.939 0.939 0.939 1.000
62 om18 1E-12 0.097 0.265 0.265 0.265 0.500 1,000 9170 1E-12 0.608 0.941 0.941 0.941 0.941 1.000
63 om1g 1E-12 0.026 0.070 0.070 0.070 1.000 1.000 1490 1E-12 0.038 0.103 0.103 0.103 1.000 1.000
64 om20 1E-12 0.000 0.001 0.001 0.001 0.500 1.000 8390 1E-12 0.002 0.005 0.005 0.005 0.687 1.000
65 omz1 1E-12 0.000 0.001 0.001 0.001 0.500 1.000 875 1E-12 0.000 0.001 0.001 0.001 0.500 1.000
66 omzz 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 1980 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
67 oM23 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 8915 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
68 OMz24 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 25450 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
69 oM25 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 10780 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
70 oMz6 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 14180 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
71 OoM27 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 3350 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
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Table A-4. Plaquemines Parish — Pre-Katrina Fragilities

2-D Fragiliti

3-D Fraqilites

Pf Fragility Curve (Breach|No Overtopping)

Pf Fragility Curve {Breach|Overtopping)

Pf Fragility Curve (Breach|No Overtopping)

Pf Fragility Curve (Breach|Overtopping)

Minimum | Design Elev. Top of Minimum | Design Elev. Top of
Reach | Reach N 1z ft 1ft 2ft 3ft 12 ft 1ft 21t 3ft
Number | Name E{:::t:; (LT}OBx :x)m Lwex:ﬁ’ P of Overtopping | Overtopping | Overtopping | Overtopping Length Elev;;l:un for "::osx fflv:]m l'we:v';rlfp of Overtopping | Overtopping | Overtopping | Overtopping
81 PL1 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 22000 1E-12 0.394 0.589 0.589 0.589 1.000 1.000
82 PL2 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 41525 1E-12 0611 0.814 0.814 0.814 1.000 1.000
83 PL3 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 57470 1E-12 0.008 0.010 0.010 0.010 0.963 1.000
84 PL4 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 50810 1E-12 0.684 0.871 0.871 0.871 1.000 1.000
85 PLS 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 36605 1E-12 0.005 0.006 0.006 0.008 0.a78 0.994
86 PLG 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 60615 1E-12 0.748 0.914 0.914 0.914 1.000 1.000
87 PLT 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 25865 1E-12 0.004 0.004 0.004 0.004 0.774 0.972
aa PLE 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 17170 1E-12 0.324 0.501 0.501 0.501 1.000 1.000
89 PLY 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 39195 1E-12 0.005 0.007 0.007 0.007 0.895 0.996
90 FL10 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 27100 1E-12 0.460 0.666 0.666 0.666 1.000 1.000
91 FL11 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 19120 1E-12 0.353 0.538 0.538 0.538 1.000 1.000
92 PL1Z 1E-12 0.000 0.000 0.000 0.000 1.000 1.000 13774 1E-12 0.002 0.002 0.002 0.002 1.000 1.000
93 PL13 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 6535 1E-12 0.140 0.235 0.235 0.235 1.000 1.000
94 PL14 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 49470 1E-12 0.007 0.008 0.008 0.008 0.942 0.999
95 PL15 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 G160 1E-12 013 0221 0221 02 1.000 1.000
96 PL1G 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 26710 1E-12 0.456 0.860 0.680 0.660 1.000 1.000
a7 PL7 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 78500 1E<12 0.833 0.958 0.958 0.958 1.000 1.000
98 PL18 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 79100 1E12 0.011 0.013 0.3 0.013 0.989 1.000
a9 PL19 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 22740 1E12 0.003 0.004 0.004 0.004 0.730 0.957
100 FL20 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 51200 1E-12 0.007 0.008 0.008 0.008 0.947 0.999
101 PL21 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 32235 1E12 0.004 0.005 0.005 0.005 0.843 0.989
102 PLZZ 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 50475 1E12 0.683 0.870 0.870 0.870 1.000 1.000
103 PL23 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 29050 1E12 0.484 0.891 0.691 0.691 1.000 1.000
104 PL24 1E-12 0.000 0.000 0.000 0.000 1.000 1.000 62810 1E<12 0.009 0.010 0.010 0.010 1.000 1.000
105 PL2S 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 30940 1E12 0.506 0.714 0.714 0.714 1.000 1.000
106 PL26 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 61710 1E12 0.008 0.010 0.010 0.010 0.97 1.000
107 PLZT 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 25225 1E-12 0.003 0.004 0.004 0.004 0.766 0.970
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Table A-5. St. Bernard Parish — Pre-Katrina Fragilities

2-D Fragilities

Pf Fragility Curve (Breach|No Overtopping)

Pf Fragility Curve (Breach|Overtopping)

3-D Fraqilites

Pf Fragility Curve (Breach|No Overtopping)

Pf Fragility Curve (Breach|Overtopping)

Minimum . P . |Design Elev.| Topof
Reach Reach " Design Elev. (L) | Top of Levee/Top| . El 12t 1t 2ft aft
Number Name Em::l:o[:'l forl 4 from TOW (W) of Wall 12RO pping| 1t On o 3Oy PP Length for Pl lL#% :‘r:lm Ln:io\:rf;ll)p . o . . o ing
72 S81 1E12 0074 0.153 0.153 0.153 0.500 7.000 6570 1E-12 0395  0.663 0.663 0.663 0.663 1.000
73 sB2 1E-12 0.074 0.153 0.153 0.153 0.500 1.000 1115 1E-12 0.082 0.169 0.169 0.169 0.500 1.000
74 sB3 1E-12 0.017 0.032 0.032 0.032 1.000 1.000 26995 1E-12 0.378 0.588 0.588 0.588 1.000 1.000
75 SB4 1E-12 0.017 0.032 0.032 0.032 1.000 1.000 84195 1E-12 0.772 0.937 0.937 0.937 1.000 1.000
76 SBS 1E-12 0.017 0.032 0.032 0.032 1.000 1.000 44650 1E-12 0.544 0.770 0.770 0.770 1.000 1.000
77 3B 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 25545 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
78 SB7 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 26950 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
79 SB8 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 15885 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
80 SB9 1E-12 0.003 0.008 0.008 0.008 0.500 1.000 870 1E-12 0.003 0.008 0.006 0.008 0.500 1.000
Table A-6. St. Charles — Pre-Katrina Fragilities
2-D Fragqilities 3-D Fragilites
Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve {Breach|Overtopping) Pf Fragility Curve {Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping)

Reach | Reach | Minimum | . i nElev. () |Top of LeveerTop Minimum Elevation| 2330 Elev.  Topof 1121t 1 2t i
Number | Name IEIe\r:t:nn 101) 6t from TOW (W) of Wall 12O 110y 2fto g | 3oy Length for Pla0 (L: aex mn Leu\;e;g?p ina | & ) ) Overtopping
39 SC1 1E-12 0.002 0.006 0.006 0.006 0.250 0.500 17500 1E-12 0.036 0.101 0.101 0.101 0.635 0.912
40 sC2 1E-12 0.002 0.006 0.006 0.006 0.250 0.500 11710 1E-12 0.024 0.069 0.069 0.069 0.490 0.803
41 5C3 1E-12 0.002 0.006 0.006 0.006 0.250 0.500 23190 1E-12 0.047 0.132 0.132 0.132 0.737 0.960
42 sCa 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 70465 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
43 5Cs 1E-12 0.002 0.006 0.006 0.006 0.250 0.500 9280 1E-12 0.019 0.055 0.055 0.055 0.414 0.724
44 5C6 1E-12 0.002 0.006 0.006 0.006 0.250 0.500 3795 1E-12 0.008 0.023 0.023 0.023 0.250 0.500
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Table A-7. Jefferson Parish — June 2007 Fragilities

2-D Fragilities 3-D Fragilites
Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping) Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping)
Reach | Reach Minimum Design Elev. (L) &ft| TP °f ) ) ) ) Minimum |Design Elev. (L) Top of 1zt 1t 21t Ift
Number Name Elevation for PF=0 'rgm Tow i,“:,. Lwo::lTp of | 1/2 ft On pping| 1RO pping 2t On pping 3RO PP QI Length Elw;t:)n for | Bft fromm}‘r{)w Ls:'o::lrlap . pping| O pping pping| © ping
30 JET 1E-12 0.009 0.014 0.014 0.014 0.250 0.500 6745 1612 0.062 0092 0092 0092 02322 0.607
31 JE2 1E-12 0.008 0.014 0.014 0.014 0.250 0.500 5915 1E-12 0.054 0.081 0.081 0.081 0.288 0.560
32 JE3 1E-12 0.009 0.014 0.014 0.014 0.250 0.500 4945 1E-12 0.046 0.068 0.068 0.068 0.250 0.500
33 JE4 1E-12 0.034 0.055 0.055 0.055 0.250 0.500 36430 1E-12 0.719 0.874 0.874 0.874 0.877 0.994
34 JES 1E-12 0.034 0.055 0.055 0.055 0.250 0.500 19925 1E-12 0.500 0.678 0.678 0.678 0,882 0.937
35 JEB 1E-12 0.188 0.334 0.334 0.334 0.334 1.000 12300 1E-12 0923 0.993 0.893 0.993 0.993 1.000
36 JET 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 4205 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
v JEB 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 53090 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
a8 JEB 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 2595 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
108 cwi 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 21496 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
109 cwe 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 13947 1E-12 0272 0.431 0.431 0.431 1.000 1.000
110 cw3 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 24047 1E-12 0422 0.622 0.622 0.622 1.000 1.000
111 cwa 1E-12 0.005 0.008 0.008 0.008 0.250 0.500 8180 1E-12 0.039 0.083 0.063 0.083 0.375 0.678
112 cws 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 1730 1E-12  0.039 0.088 0.068 0.088 0.250 0.500
113 cwe 1E-12 0.005 0.008 0.008 0.008 0.250 0.500 320 1E-12  0.005 0.008 0.008 0.008 0.250 0.500
114 cw? 1E-12 0.005 0.008 0.008 0.008 0.250 0.500 1495 1E-12  0.007 0.012 0.012 0.012 0.250 0.500
115 cwa 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 85639 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
116 WH1 1E-12 0.005 0.008 0.008 0.008 0.250 0.500 3060 1E-12 0.015 0.024 0.024 0.024 0.250 0.500
117 WH2 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 11240 1E-12 0226 0.365 0.365 0.385 0.476 0.789
118 WH3 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 16370 1E-12 0311 0.484 0.484 0.484 0.610 0.897
119 WH4 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 22135 1E-12 0.396 0.591 0.591 0.591 0.720 0.954
120 WHS 1E-12 0.005 0.008 0.008 0.008 0.250 0.500 6690 1E-12 0.032 0.052 0.052 0.052 0.319 0.604
121 WHS 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 16120 1E-12  0.307 0.479 0.479 0.479 0.504 0.893
122 WH7 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 26700 1E-12 0456 0.660 0.660 0.660 0.785 0.975
123 WHS 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 9510 1E-12 D195 0.319 0.319 0.318 0.421 0.732
124 WHS 1E-12 0.005 0.008 0.008 0.008 0.250 0.500 1165 1E-12 0.008 0.009 0.009 0.009 0.250 0.500
125 WH10 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 20710 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
127 HAZ 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 14550 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
128 HA3 1E-12 0.023 0.040 0.040 0.040 0.250 0.500 28337 1E-12 0475 0.682 0,682 0.682 0.804 0.980
129 Had 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 44000 1E-12 0633 0.831 0.831 0.831 1.000 1.000
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Table A-8. New Orleans East Parish — June 2007 Fragilities

2-D Fragilities

3-D Fragilites

Pf Fragility Curve (Breach|No Overtopping)

Pf Fragility Curve (Breach|Overtopping)

Pf Fragility Curve (Breach|No Overtopping)

Pf Fragility Curve (Breach|Overtopping)

Minimum Design Elev. Top of Minimum | Design Elev. Top of
N't::;:r ﬁ:‘::: Elevation for | (L) 6ft from |Levee/Top Dve::::::lng Ovsr:o::ping Dverfc':plﬂg Ovsrtso::ping Length | Elevation | (L) 6ft from |Levee/Top o mexslz)ing Ovsr:of;plng Ove:nﬁpping 3 ft Overtopping
Pi=0 TOW (W) of Wall for Pf=0 TOW (W) Wall
1 NOE 1 1E-12 0.008 0.008 0.008 0.008 0.008 1.000 2405 1E-12 0.012 0.019 0.019 0.019 0.019 1.000
2 NOE 2 1E-12 0.001 0.001 0.001 0.001 1.000 1.000 250 1E-12 0.001 0.001 0.001 0.001 1.000 1.000
3 NOE 3 1E-12 0.001 0.008 0.008 0.008 0.008 1.000 2325 1E-12 0.003 0.018 0.018 0.018 0.018 1.000
4 NOE 4 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 2330 1E-12 0.052 0.080 0.090 0.090 1.000 1.000
5 NOE 5 1E-12 0.005 0.008 0.008 0.008 0.008 1.000 2270 1E-12 0.011 0.018 0.018 0.018 0.018 1.000
4] NOE & 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 18110 1E-12 0.353 0.538 0.538 0.538 1.000 1.000
7 NOE 7 1E-12 0.005 0.008 0.008 0.008 0.008 1.000 1475 1E-12 0.007 0.012 0.012 0.012 0.012 1.000
8 NOE & 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 2725 1E-12 0.060 0.104 0.104 0.104 1.000 1.000
9 NOE 9 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 32900 1E-12 0.527 0.736 0.736 0.736 1.000 1.000
10 NOE 10 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 5830 1E-12 0.124 0.210 0.210 0.210 1.000 1.000
11 NOE 11 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 13325 1E-12 0262 0417 0.417 0417 1.000 1.000
12 NOE 12 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 8910 1E-12 0.184 0.303 0.303 0.303 1.000 1.000
13 NOE 13 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 9185 1E-12 0.189 0.310 0.310 0.310 1.000 1.000
14 NOE 14 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 2615 1E-12 0.058 0.100 0.100 0.100 1.000 1.000
15 NOE 15 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 4470 1E-12 0.097 0.165 0.165 0.165 1.000 1.000
16 NOE 16 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 13045 1E-12 0.257 0.410 0.410 0.410 1.000 1.000
17 NOE 17 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 10570 1E-12 0.214 0.348 0.348 0.348 1.000 1.000
18 NOE 18 1E-12 0.005 0.008 0.008 0.008 0.008 1.000 10780 1E-12 0.081 0.082 0.082 0.082 0.082 1.000
19 NOE 19 1E-12 0.005 0.008 0.008 0.008 0.008 1.000 9320 1E-12 0.045 0.072 0.072 0.072 0.072 1.000
20 NOE 20 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 7805 1E-12 0.165 0.274 0.274 0.274 1.000 1.000
21 NOE 21 1E-12 0.005 0.008 0.008 0.008 0.008 1.000 5520 1E-12 0.027 0.043 0.043 0.043 0.043 1.000
22 NOE 22 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 385 1E-12 0.023 0.040 0.040 0.040 1.000 1.000
23 NOE 23 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 15320 1E-12 0.294 0.462 0.462 0.462 1.000 1.000
24 NOE 24 1E-12 0.005 0.008 0.008 0.008 0.008 1.000 2910 1E-12 0.014 0.023 0.023 0.023 0.023 1.000
25 NOE 25 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 3230 1E-12 0.071 0122 0122 0.122 1.000 1.000
26 NOE 26 1E-12 0.005 0.008 0.008 0.008 0.008 1.000 1640 1E-12 0.008 0.013 0.013 0.013 0.013 1.000
27 NOE 27 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 2750 1E-12 0.061 0.105 0.105 0.105 1.000 1.000
28 NOE 28 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 4100 1E-12 0.089 0.153 0.153 0.153 1.000 1.000
29 MOE 29 1E-12 0.165 0.319 0.319 0.319 0.319 1.000 11185 1E-12 0.867 0,988 0.988 0.986 0.988 1.000
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Table A-9. Orleans — June 2007 Fragilities

2-D Fragilities 3-D Fragilites
PPf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping) Pf Fragility Curve (Breach|No Overtopping) PPf Fragility Curve (Breach|Overtopping)
Top of Minimum  |Design Elev. (L Top of
Niar:::r ':‘:ar:: Em':til':n'“";"‘_"m D’::g:_‘“ET'?}“’N H—;M MS:‘EF:D of | 112 1t Overtopping| 1t Overtopping | 2 ft Overtopping |3 Overtopp nl Longth Elav:::,n for | st ?\r?-wn]wulv ! L:s:wi:'l?p . "{" . " olo 2 " o o 3t o
a5 oM 1E-12 0.097 0.265 0.265 0.265 0.265 1.000 12740 TE12  0.727 0.980 0980  0.980  0.980 1.000
46 om2 1E-12 0.097 0.265 0.265 0.265 0.265 1.000 9280 1E-12 0612 0.943 0.943 0.943 0.943 1.000
47 om3 1E-12 0.026 0.070 0.070 0.070 1.000 1.000 3155 1E-12  0.079 0.205 0.205 0.205 1.000 1.000
48 om4 1E-12 0.097 0.265 0.265 0.265 0.265 1.000 9110 1E-12 0605 0.939 0.939 0.939 0.939 1.000
49 OMSs 1E-12 0.026 0.070 0.070 0.070 1.000 1.000 3610 1E-12  0.090 0.231 0.231 0.231 1.000 1.000
50 oms 1E-12 0.007 0.265 0.265 0.265 0.265 1.000 12130 1E-12 0.710 0.076 0.976 0.976 0.076 1.000
51 om7 1E-12 0.026 0.070 0.070 0.070 1.000 1.000 3880 1E-12  0.096 0.246 0.246 0.246 1.000 1.000
52 oM8 1E-12 0.097 0.265 0.265 0.2685 0.265 1.000 12765 1E-12  0.728 0.980 0.980 0.980 0.980 1.000
53 omg 1E-12 0.028 0.070 0.070 0.070 1.000 1.000 3030 1E-12  0.078 0.198 0.198 0.198 1.000 1.000
54 oMo 1E-12 0.000 0.001 0.001 0.001 0.001 0.500 2925 1E-12  0.001 0.002 0.002 0.002 0.002 0.500
55 oM11 1E-12 0.004 0.010 0.010 0.010 0.250 0.500 6310 1E-12  0.024 0.059 0.059 0.059 0.304 0.583
56 om12 1E-12 0.004 0.010 0.010 0.010 0.250 0.500 9940 1E-12  0.037 0.092 0.092 0.092 0.438 0.748
57 om13 1E-12 0.004 0.010 0.010 0.010 0.250 0.500 2380 1E-12  0.008 0.023 0.023 0.023 0.250 0.500
58 om14 1E-12 0.000 0.001 0.001 0.001 0.001 0.500 3220 1E-12  0.001 0.002 0.002 0.002 0.002 0.500
50 om1s 1E-12 0.004 0.010 0.010 0.010 0.250 0.500 7605 1E-12  0.028 0.071 0.071 0.071 0.354 0.852
80 oM16 1E-12 0.000 0.001 0.001 0.001 0.001 1.000 1155 1E-12  0.000 0.001 0.001 0.001 0.001 1.000
81 om17 1E-12 0.097 0.265 0.265 0.265 0.265 1.000 2095 1E-12  0.605 0.939 0.939 0.939 0.939 1.000
82 om1s 1E-12 0.097 0.265 0.265 0285 0.265 1.000 9170 1E-12 0608 0.941 0.941 0.941 0.941 1.000
63 om1s 1E-12 0.011 0.033 0.033 0033 0.033 1.000 1490 1E-12  0.017 0.049 0.049 0.049 0.049 1.000
64 oM20 1E-12 0.000 0.001 0.001 0.001 0.001 1.000 8390 1E-12 0.002 0.005 0.005 0.005 0.005 1.000
85 oM21 1E-12 0.000 0.001 0.001 0.001 0.001 1.000 875 1E-12  0.000 0.001 0.001 0.001 0.001 1.000
66 omzz 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 1980 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
67 omM23 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 8915 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
68 OM24 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 25450 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
89 oM25 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 10780 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
70 oMz6 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 14180 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
71 omz7 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 3350 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
136 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 190 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
137 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 215 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
138 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 160 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
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Table A-10. Plaquemines Parish — June 2007 Fragilities

2-D Fragilities 30 Fragilites
Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping) Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping)
Minimum Design Elev. Top of Minimum | Design Elev. Top of
NRU:::! ';::i: Elevation for | (L) 6ft from |Levee/Top o Vi R o 1R o 2n o 3R . Length | Elevation | (L) &ft from |Levee/Top of] o Vi it . o 1R . o zn 3 ft Overtopping
Pf=0 TOW (W) of Wall | = - - pping forPf=0 | TOW (W) Wall o -
3] PLI TE-12 0.023 0.040 0.040 0.040 7.000 7.000 22000 TE-12  0.394 0589 0569 0580 1.000 7.000
82 PL2 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 41525 1E-12 0.611 0.814 0.814 0.814 1.000 1.000
83 PL3 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 57470 1E-12 0.008 0.010 0.010 0.010 0.963 1.000
84 PL4 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 50810 1E-12 0.684 0.871 0.871 0.871 1.000 1.000
85 PLS 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 36605 1E-12 0.005 0.006 0.006 0.006 0878 0.994
86 PLE 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 60615 1E-12 0.748 0.914 0.914 0.914 1.000 1.000
87 L7 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 25865 1E-12 0.004 0.004 0.004 0.004 0.774 0.972
88 PLS 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 17170 1E-12 0.324 0.5 0.501 0.501 1.000 1.000
89 PLY 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 39195 1E-12 0.005 0.007 0.007 0.007 0.895 0.996
90 PLID 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 27100 1E-12 0.460 0.666 0.666 0.666 1.000 1.000
a1 PL11 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 19120 1E-12 0.353 0.538 0.538 0.538 1.000 1.000
a2 PL1Z 1E-12 0.000 0.000 0.000 0.000 1.000 1.000 13774 1E-12 0.002 0.002 0.002 0.002 1.000 1.000
93 PL13 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 6635 1E-12 0.140 0.235 0.235 0.235 1.000 1.000
94 PL14 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 49470 1E-12 0.007 0.008 0.008 0.008 0.942 0.999
95 PL1S 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 6160 1E-12 013 0.221 0.221 0.221 1.000 1.000
96 PL1G 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 26710 1E-12 0.456 0.660 0.660 0.660 1.000 1.000
a7 PLIT 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 78500 1E-12 0.833 0.958 0.958 0.958 1.000 1.000
98 FL1B 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 79100 1E-12 0.011 0.013 0.013 0.013 0.989 1.000
99 PL1S 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 22740 1E-12 0.003 0.004 0.004 0.004 0.730 0.957
100 PL2O 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 51200 1E-12 0.007 0.008 0.008 0.008 0.947 0.999
10 PLZ1 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 32235 1E-12 0.004 0.005 0.005 0.005 0.843 0.989
102 PL22 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 50475 1E-12 0.683 0.870 0.870 0.870 1.000 1.000
103 PLZ3 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 29050 1E-12 0.484 0.691 0.691 0.691 1.000 1.000
104 PL24 1E-12 0.000 0.000 0.000 0.000 1.000 1.000 62810 1E-12 0.009 0.010 0.010 0.010 1.000 1.000
105 PL25 1E-12 0.023 0.040 0.040 0.040 1.000 1.000 30840 1E-12 0.506 0.714 0.714 0.714 1.000 1.000
106 PLIE 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 81710 1E-12 0.008 0.010 0.010 0.010 0.971 1.000
107 pL27 1E-12 0.000 0.000 0.000 0.000 0.250 0.500 25225 1E-12 0.003 0.004 0.004 0.004 0.766 0.970
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Table A-11. St. Bernard Parish — June 2007 Fragilities

2-D Fragilities 3-D Fragilites
Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping) Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping)
Reach | Reach Minimum | Design Elev. (L) 6ft| 7o °f Minimum  |Design Elev. (L)) Top of 2t 1 21 3n
Number | Name |EtevationforP=0| from Tow (W) "““‘::I"’ of [12ft0 110 2o g 3ftO Length E"";:J_‘;" for | m{an)mw '-':"im:" o o Overtopping
72 5B1 1E-12 0.074 0.153 0.153 0.153 0.153 1.000 6570 1E-12 0.395 0.663 0.663 0.663 0.663 1.000
73 SB2 1E-12 0.074 0.153 0.153 0.153 0.153 1.000 1115 1E-12 0.082 0.169 0.169 0.169 0.169 1.000
74 SB3 1E-12 0.017 0.032 0.032 0.032 1.000 1.000 26995 1E-12 0.378 0.588 0.588 0.588 1.000 1.000
75 SB4 1E-12 0.017 0.032 0.032 0.032 1.000 1.000 84195 1E-12 0.772 0.937 0.937 0.937 1.000 1.000
76 SB5 1E-12 0.017 0.032 0.032 0.032 1.000 1.000 44650 1E-12 0544 0.770 0.770 0.770 1.000 1.000
77 SB6 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 25545 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
78 567 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 26950 1E-12  0.000 0.000 0.000 0.000 0.000 0.000
79 5B8 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 15885 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
80 SB9 1E-12 0.003 0.008 0.008 0.008 0.500 1,000 870 1E-12  0.003 0.008 0.008 0.008 0.500 1.000
Table A-12. St. Charles — June 2007 Fragilities
2-D Fragilities 3-D Fragilites
Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping) Pf Fragility Curve (Breach|No Overtopping) Pf Fragility Curve (Breach|Overtopping)
Top of Minimum  |Design Elev. (L)) Top of
N?J::::r ?«:ﬁ: Eloumnimum o] PTon ey, ‘fﬂ.’m LoveerTop of 12110 ing| 11tOvertopping | 2ftOvertopping |3t Overtopping]  Length Elevationfor | 6t imﬂ:;n]I TOW | LeveerTop |, n2n i ol overas ol overes
39 sC1 TE-12 0.002 0.006 0.006 0.006 0.250 0.500 17500 1E-12  0.036 0.101 0101 0101 0635 0.912
40 scz 1E-12 0.002 0.006 0.006 0.006 0.250 0.500 11710 1E-12 0.024 0.069 0.069 0.069 0.490 0.803
41 SC3 1E-12 0.002 0.006 0.006 0.006 0.250 0.500 23190 1E-12 0.047 0.132 0.132 0.132 0.737 0.960
42 SC4 1E-12 0.000 0.000 0.000 0.000 0.000 0.000 70465 1E-12 0.000 0.000 0.000 0.000 0.000 0.000
43 SC5 1E-12 0.002 0.006 0.006 0.006 0.250 0.500 9280 1E-12 0.019 0.055 0.055 0.055 0.414 0.724
44 SC8 1E-12 0.002 0.006 0.008 0.006 0.250 0.500 3795 1E-12 0.008 0.023 0.023 0.023 0.250 0.500
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